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INTRODUCTION

This Interim Progress Report presents a discussion of the work
performed on Contract NAS 9-879 during the period from 7 November 1962
through 7 January 1963. Separate discussions of the activity in each
of the give principal Work Task areas have been included. Ma jor
emphasis during this period was placed on completion of Task 1, the
Microwave versus Optical Communication Systems Comparison. Other task
areas, such as the Technological Studies and the Operations and Svstem
Analysis were executed in a manner which would permit timely contribu=-
tions for the support of this effort. These contributions, as well as
additional material, are also included.

W ol LR

Kenneth L. Brinkman
___—Project Manager

NASA DEEP SPACE OPTICAL

COMMUNICATIONS STUDY
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1.0 MICROWAVE-VS-OPTICAL COMMUNICATION COMPARISON

For the purpose of comparing mi:rowave ard opticel communication systems,
the work organizati.n flow chart shoywn in Figure 1.1 has been adopted. The
left side of the chart shows the necessary preliminary inputs from the areas of
Operations and Systems Analysis, Components Analysis, and Communication Theory.
The tradeoff proper begins with a derivation of the fundamental range equations
and in successive steps, reduces the number of parameters under consideration
to essentially two: total spaceborne weight, and frequency. Considering the
short time scale available, and the difficulty in obtairing reliable data over
the enormous range of possible operating frequencies, it has been necessary
to consider only 4 selected frequencies of transmission, 5 gc, 50 gc, 127 TC
and 430 TC. The development ultimately gives a theoretical maximum bit rate
per pound of payload weight at the selected frequencies. All parameters are
then re-evaluated in light of expected future developments and the system per-
formance figures are correspendingly upgraded, giving not only an estimate of
future system capability, but some feel for which components are in critical
reed of improvement.

1.1 THE ELECTROMAGNETIC PROPAGATION RANGE EQUATION

The following paragraphs are concerned with the derivation of the familiar
"range equation” for one way electromagnetic propagation between diffraction
limited circular transmitcing and receiving apertures. The transmission path
is assumed to be loss-free.

The fraction of the transmitted power which is received will be equal to the

.ratio of the receiving antenna area to the cross sectional area of the transmitted

beam at the receiver.

P =P Ar

T, R)Z

Pr and Pt are the received and trarsmitted powers, respectively; Ar is the
receiver aperture area, 8,  is the transmitted beam cone half angle, and R is the
distance between transmitter and receiver. Using the appropriate expression for
the diffraction limited beamwidth:

9, = 1.22 A

And the geometrical relationship:

a, =T 2

Y
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gives:

Ar At
k? R2
where At is the transmitter aperture area, A 1is the free space wavelength, and

dt is the diameter of the :ransmitter aperture.

The gain of a directive radiator is given by the ratio of the solid angle
about a point to the solid angle of the directive beam. For a diffraction
limited circular aperture this is given by:

G = 2.69 d2

XQ

In terms of the gains of the radiating elements, then:

P 2
P = Gt Gr A
r L T

N Iﬂ'

i R

Successive elements of this equation will be subjected to parametric
analysis.

1.2 OPTICAL TRANSMISSION CONS IDERATIONS

Vital to the progress of any comparison of microwave and optical communica-
tion systems is a preliminary optimization of the pcssible optical transmission
paths. The several path schemes are:

(1) Direct optical link between earth and deep space vehicle (DSV).

(2) Microwave link to> artificial earrh orbiting satellite and optical
link from satellite to DSV.

(3) Microwave link to mcon with optical link from moon to DSV.

The relative merits of each of these alternatives must be evaluated on the
basis of the following criteria:

(1) Performance and state of the art in earth to earth satellite
microwave communicazion.

(2) Optical arterna gain limitations fcr satellite and ground based
gtations.

(3) Atmospherics - refraction, dispersion, and absorptionm.

(4) Stabilization, pointing and tracking problems of ground based and
satellite bas:d coptical antennas.

(5) Optical transmitter and receiver limitations for ground and
satellite based equipment.



(8) . Backgrzund noise envirc-ment for the earth and satellite based
optical communication eta:zions.

(7) Cost and coverage analysis of earth and satellite based optical
stations.

Since the transmission of information from the earth to the deep space
vehicle consists primarily of fzirly leisurely commands and interrogations,
it has been assumed that the limit of system performance will be more closely
approached in the deep space vehicle to earth communication direction. Hence-
forth, only effects pertinent to information flow in this direction have been
considered.

It is expecled that, in view of the present capabilities of microwave
communication between ground stations and earth orbiting satellites, very
little system degradation can be introduced by the irtermediate r.f. link.
Microwave communiceation at lunar distances presents scmewhat more of a pro?lym,
but_in view of the anticipated performance of NASA cpereted DSIF equipment 1
(108 bits per second by early 1964), it appears as if the problems inherent
to the inclusion of an intermediate micrcwave lirk may justifiably be
neglected for purpcses of the present tradeoff.

Optical antenna gain limitations due to atmospheric effects such as
dispersive beam broadening and short term atmospheric diffraction fluctuations
tend to shift the optimum optical traremission path irn favor of a satellite
pased receiver s:gZion. Dispersion effec4s will typically broaden an optical
antenna beamwidth t» 10 microradians, while fiucztuatiors in atmospheric diffrac-
tion at rates greater than 1 cycle per second typically occur at amplitudes of
25 microradians at zenith. The requirements on servo systems which will nullify
the effects of this motion for large astronomical mirrors are great, hence one
can infer a practiczal 25 microradian beam limit for an earth based optical
station. This corresponde to a gain limitation of 103 db above isotropic.

These effeczs are, of course, of negligible proportions in the lunar atmosphere
and in the emvironment of an artificial earth-orbiting satellite.

Stabilization, pointing, and tracking accuracies of 0.1 to 1 microradian
have been realized in large earth based ast:ronomizal mirrors. 1In view of the
25 microradian beam limit imposed cn such devices, stabilizaticn, pointing and
tracking will not be a problem. Accuracies apprcaching the above mentioned
limits apparently are nct out of the question in arti{ficial satellite applica-
tions - indeed 1 microradian accuraciez have bteer pxoposed for the Orbiting
As-ronomical Observatory (OAO) Prcjert. These accuracies impose a beam limita-
tion on the orbiting mirror system which corresponds to a gain limitation of about
125 ¢t, a nunber comsistent with the use of a 30 inch diameter mirror aboard the
o1biting vehicle. This size and weight appears cumpatible with present payload
and <omponent technclogy.

(1) "Radic and Optizal Space Communications", Poter, Stevens and Wella. NASA
contract NAS T-100.



Optical transmitter and receiver capabpility as a function of weight and
cost is an important input to this optical path optimization. A brief analysis
shows that the performance of receiver factors such as detectors and demodu-
lators, which are important to the transmission from DSV to earth, are not
greatly enhanced by additional size and weight. While studies of this nature
are continuing, for the present we have assumed that optical receiver per-
formance is essentially the same for all geometrical configurations considered.

Results of a preliminary analysis of optical background effects at the
distances of interest (included elsewhere in this report) show that in all
cases except one, receivers are photon noise limited rather than background
limited. This means that the received noise power is independent of receiver
field of view. Thus no penalty is paid for using high gain receiver apertures,
and background noise is not a factor in this tradeoff. The exception occurs
when one attempts to receive through the daytime sky. This viewing condition
imposes an additional restriction upon the earth based optical link, i.e.,
confinement to night time reception with an attendant increase in the number
of stations and total cost for full coverage unless one were willing to accept
the degradation due to daytime reception.

The results of a preliminary cost and coverage analysis for the considered
optical paths is presented in Table 1.1. The first two entries refer to the
use of a 2 hour synchronous communication satellite. Only one such station
18 needed for continuous reception and interrogation .of the DSV, but equipment
reliability figures could dictate the need for a second, redundant station.

The quoted reliability figures refer to one commerical quality TV channel,
whereas deep space probes would require only a reduced capability. Cost
figures do not include optical equipment, but complete ground station cost

is included. The second two entries refer to the use of more or less conven-
tional large optical mirrors at ground locations. In order to provide the
capability for continuous reception, desert locations were chosen over moun-
tainous regions because of a lower occurrence of cloud cover. The estimates of
ground station number must, in all fairness, be modified by a rigorous survey
of long term weather conditions. This is being contemplated at present.

The somewhat conspicuous absence c¢f any cost estimates on lunar based
operations is due to the difficulty and expense of providing the required
number of lunar stations and assuring their operational reliability.

Recourse to the above analysis shows that a net increase in received
signal power may be realized by use of an optical link between DSV and earth
satellite instead cf a direct link between DSV and earth. This increase
amounts to about 23 db for average atmospheric conditions, assuming 1.5 db
degradation resulting from absorption cf optical radiation by the earth's
atmosphere. An effective power increase of this magnitude can be reflected
in increased information transmission, lower DSV weight, and decreased DSV
bulk. All this may evidently be accomplished at little or no cost increase.
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Equipment
No. of Receivers Reliability
1 (Synchronous) 970/°
2 (Synchronous) 99.9°/°
3 (Ground) ---
6 (Ground) ---
NOTES:

TABLE 1.1

Microwavelink Cgpacity

L Commercial TV

4 Commercial TV

(1) Based on Advanced Project Syncom estimates.

Coverage Cost
100,  g1em (V)
100%/o  geomM
990/0(2) S?.BM(B)

99.99°/(2) g15u (3)

(2) Based on estimated 4 cloudy days per year at selected desert locations.

(3) Based on average cost for a 100 inch parabolic mirror installation.



1.3 ANTENNA SYSTEM GAIN

The first of the paramefric analyses to De perfcrmed in the over-
all optical versus microwave tradeoff concerns the spacecraft and ground-
baced anterra systems. Spatecraft an-ernas will be considered first.

The properties cf spacecraft anzennas for the frequency range 100 mega-
. cycles to 10 gigacycles are fairly well known and documented. Various curves
have been preser-ed relating gain to operating frequency with antenna weight
as a parameter. One of thasge ?1) forms the basis for the data presented in
Figure 1.2. The results of antenna deeigr studies of various construction
techniques, which are valid over restricted frequency ranges, are presented
in the same figure. Appendix A, at the end of tihis section, shows the
dexivation of these weight-gain-frequency relationships. Study of the
curves shows that over the entire frequency spectrum, antenna gain per
unit weight terds to increase somewhat more slowly than the inverse square
of frequency. In spite of thig, the possibility of overall gain enhancement
at higher cperating frequencies exists.

In ozder to realize any advantage from a ground based antenna system,
a highly directive aperture must >e considered. Practically, this means @
parabolic reflector which may be said to be large in terms of wavelength
units. Figure 1.3, which shows the gain variation with size (in wavelength
units) has been reproduced from The Handbook of Astrongutical Engineering.
Typical fractional marufacturing tolerance for the microwave region has been
shown as a parameter, although the curve is universally applicable for diffrac-
tion limited paraboloids. Optical tolerar.ces can be much better than one part
of LOOO if reasonable care is taken. In the practical limit, atmospheric
effects will place an upper bound on the gains possible with a parabolic
reflector. In support of the preceding statement, consider the following
table which reflects ?risent state of the art limitations of microwave
paraboloid diametera. 2

D (£*+)
A {cm) {Ground Based)
75 200
o5 157
i2 12C
6 120
120
1.5 150

(1) G.E. Mueller, "A Pragmatic Apjroach to Space Communicaticn . Proc. IRE,
April 1950, page 559.

(2) IRE Trgnsactione on Military Electrorics. 1961 page 330.
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These gain limits are frequency sensitive and have been calculated as TOdb

for radiaticn at 10 gigacycles and about 103 db at a representative optical
frequency. (7000 A). Scanty information at intermediate frequencies pro-
hibits calculation of gain limits at frequencies other than these. Until

the advent of mcre cophisticated reflectur crienting servos, we must evidently
live with these limitations for ground based receivers.

1.4 TRANSMITTED POWER

Extensive literature surveys presented elsewhere in this report bring
to light a great deal of information on the present power capability of
optical carrier generators. In addition, the art of carrier generation at
radar frequencies is well documented. A brief, definitive summary is
presented in Figure i.4. Unfortunately, laser experimenters have only
superficially reported the conversion efficiencies and weights of their
devices. Representative values for the ruby and CaFasz++ lasers are as

follows:
Type ), 0 Mcde Weight*  Pewer
. ++ ~ =
CaFa.Dy 2.36p 01 cw 5 1b 1 wat:
Ruby -69p .01 cw 5 1b° 1 watt
Ruby .Ggy .01 iged 5 1b 3 K watts

* Excluding prime power supply and enargy storage devices.

1.5 TRANSMITTER PACKAGE WEIGHT

A knowledge of transmitter efficiency, output power and weight allows
the derivation of a relationship between total transmitter package weight
(including cooling surfaces and prime power supply) and efficiency. The
following block diagram depicts the power flow within the prime power-
transmitter-cooling surface system and shows associated subsystem weights.

W, P W Wp, Ay Radiated

P’ P TR
Prime Power Transmitter Pover P, = (l-rl) Pp

Transmitted
Power PT = Y\Pp

10
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According to the Stefan-Boltzman radiation law, the amount of radiated
power from a surface of area AR’ form factor £ and temperature T is given by

AR fo T

We will assume a form factor of .5, which is very sléghtly opt mistic, and a
value for the Stefan-Boltzman constant of 5.12 x 10~ w/ft °K Re-arranging

terms, we obtain : [l:ﬂj
P,
P 1- N T
N () LR R

.5o’l‘h 5 o’l‘u .50’1‘”‘

This relationship shows that a considerable reduction in radiative
surface may be gained by operating the surface at high absolute temperature.
We must assume, however, that environmental limitations on our equipment

prohibits great excursions from a temperature of 3009K. This assumption
" gives, in a sense, & worst case estimate cf radiative surface weight. In
addition, the systems and operations analysis portion of this report presents
an average value of 9 pounds of weight penalty per square foot of radiative
surface. We obtain, for the tctal weight of radiative surface:

Wy = Ay = 9 P;"-n] L ST [_1_ \ P lbs.

n
N
.50 (300)
The weight of the prime power supply can be given by:
W_=DP =D fz
P P
n

where D is an inverse power density, typically 0.1 pounds per watt for the
case of solar cell prime power. The total weight of prime power supply and
radiator is typically:

P _
wT-wp+wR-.1n_T + 435 P [—l-lJ

Re-arranging terms:

;;I = 3 (535) - k35

This relationship is plotted in Figure 1.5 and is used as a basis for deriving
weights associated with a particular transmitted power and conversion
efficiency. In the event that modulator power requirements become a signifi-
cant portion of transmitted power, Figure 1.5 may also be used to calculate
weights associated with prime power and cooling of the modulator.

12
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1.6 COMMUNICATION AND INFORMATION THEORY CONSIDERATIONS

Starting with the estimates of minimum acceptable error rate for
different modes of data trarsmission presented elsewhere in this report,
and assuming the errcr rate_to be given by:

one may define a minimum accggtable signal to noise ratio (SNR). A typical
error rate requirement of 10 “ gives a minimum SNR of about 10 db. The
expression relating error rate tc SNR is actually strictly valid only in
the presence of White-Gaussian noise. While this assumption is clearly
valid at microwave frequencies, it is not necessarily true in the presence
of quantum noise. Best present estimates indicate that the relationship

is not far from correct.

This problem is discussed in somewhat greater detail in the Optical
Detection Section of this report, and will be a subject of continuing study
for the following study phase.

1.7 SYSTEM NOISE

Pertinent results of background and guantum noise studies conducted
under the Svstems Considerations portion of this report are summarized in
Figure 2-18, which shows the sum of photon noise and background noise as
a function of channel bandwidth for selected frequencies. This tradeoff
will consistently assume that optical detector noise is insignificant
compared to quantum noise.

1.8 INSERTION OF SALIENT PARAMETERS

Previous sections of this microwave versus optical frequency tradeoff
have been concerned with developing techniques for the selection of represen-
tative system parameters and with summarizing the results of other sections of
the overall report which are pertinent to this tradeoff. A calculation of
communication system performance factors for a typical frequency follows,

Beginning with Figure 1.4 and choosing a 5 gc frequency, one obtains
typically, 100 watts of transmitted power at an efficiency of .15 and a
total weight of 16.7 pounds. Recourse to Figure 1.5 gives a ratio of

WT to PT of 3.3 for n = .15. Here WT is the weight of prime power supply

and thermal radiator, and PT is transmitted power. Multiplication of

WT/P by PT glves WT = 330 pounds, which, when added to the weight of the
trangmitter itself, gives the total weight of the transmitter system,
namely 347 pounds. At microwave frequencies, the modulator weight has been
assumed to be a small part of the transmitter system weight; hence, modula-
tor weights are included in the data of Figure 1.4, The best proposed
optical beam modulators consume 10 watts average at gigacycle rates, hence

14



modulator weight must be considered in the optical system. This may also be
calculated from Figure 1.5 assuming giﬁacycle rate modulator power may be
supplied by a commercial 2.5 pound 259/, efficient, 10 watt CW traveling
wave tube.

Selection of a transmitting and receiving antenna for our 5 gc system
is done accordirg to Figures 1.2 and 1.3, respectively. A 10 pound space-
craft antenna gives a gain of 32 db, while the ground antenna is practically
limited to 60 db gein. This choice boosts total spacebcrne equipment weight
to 357 pounds.

The fundamental range equation may now be used to calculate received
signal strength in db relative to one watt. Reducing such factors as
A2
b4
R2
entered in Table 1.3.

%5'"and PT to db units, one obtains the received signal strength

The assumpticn ¢f a maximum permissible error rate of 10°3 and a
minimum SNR of 10 db means one may accept a maximum noise power Nr of Pr/ 10.

Figure 2-18 gives the relatiouship between noise power and bandwidth at the

receiver. A noise power Nr of <154 dbw allows a maximum bandwidth B, of 1.2 MC
at the receiver.

Use of the Shannon limit
C max. = B_ 1032 (1+ SNR)

gives a maximum bit rate of 1.2 x 10l+ bits per second per pound of transmitter
plus antenna system weight.

Similar calculations are summarized in Tables 1.2 and 1.3 for other
frequencies and dates.

1.9 LIMITATIONS OF TRADEOFF STUDY

It is wise at this point to regress for a moment and discuss some of
the assumptions made in compilirg Table 1.3.

The particular frequencies present were chosen strictly on the basis of
amount of available data.

The optical portion of the table assumes propagation between the DSV
and a synchronous communication satellite while the microwave portion con-
siders a direct DSV to earth link.

A tacit assumption that microwave state of the art will not change
significantly during the time scale considered in Table 1.3 has been made -
indeed a great number of the assumptions relating to microwave technology
are based on somewhat optimistic calculations.
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TABLE 1.2

TRANSMITTER, PRIME POWER, AND COOLING
WEIGHT AT SELECT FREQUENCIES

Freguency Pr (Watts) 1 Wxmtr (Lb) ¥r /P 31 ap) ¥r + Wxmty

5 gc 10 .05 5 11 110 115

5 gc 100 .15 16.7 3.3 330 347

5 gc 1000 225 111 1.9 1900 2010
50 ge 10 .025 10 20 200 210
50 ge 100 .10 25 4.9 490 515
50 ge 1000 .15 le7 3.3 330 3470
430 TC 1 .01 5 53,1 53.1 58.1
430 TC 10% .1o% 5 4.9 49 54
430 TC 3 KW (pulsed .01 5 5%3.1 159 164

.001 duty)

127 1C 1 .01 5 53.1 53.1 58.1
127 TC 5% .1o* 5 4.9 24k.5 29.5
(odtatar) 7 LT ®

* Future date - 1966
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Spacecraft anternna weight has beer arbitrarily held low; the ten pound
figure seems ccneistent with stabilizaticn inaccuracies, although the
figure of 115 db used as a maximum spacecraft optical antenna gain limit
implies stabilization errcrs of 2.25 P rad. instead of the proposed OAQ
upper limit of 1 p rad.

Use of solar cells for prime power and the mere dumping of waste
heat into space are quite arbitrary. Tctal power requirements can and
do affect the choice of a proper power supply, while low efficiency trans-
mitter devices might make use c¢f a scheme to convert waste heat into prime
power. This optimization has not been considered.

Finally, the absence of receiver parameters restricts the comparison
to one of channel capacity and nct overall daca transmission. Demodulation
and detection are under further study, and the results will be introduced
at a further date.

1.10 DISCUSSION OF TRADEOFF RESULTS

The CW systems tabulated in Table 1.3 have a present theoretical
bandwith capabdllity of 1.2 megacycles in the microwave region and 3 mega-
cycles in the optical. In view of the fantastic information carrying
capacities claimed for coherent light sources, these figures sound a bit
discouraging; but such a reaction is unwarranted. Consider, for instance,
the maximum bit rate per pound of transmitter system weight. These results
show a clear five-fold advantage for the CW optical system, with the
additional advartage of allowing reduced total system weight and bulk -
certain vehicle payloads may dictate the use of minimum weight communications
configurations.

Present techniques will allow the use of the ruby crystal laser in the
pulsed-feedback mode described in the modulation section of this report.
For a system weight of 200 pounds, this configuration gives maximum bang-
widths of the order of 10 gc. and maximum information rates of about 10% bps
per pound. Comparison of these figures with those for representative CW
operation is misleading since a da-a storage readout problem exists. This
limitation is discussed elsewhere ir this report. In addition, the tabulated
bit rate must be modified by the duty cycle (presently 10‘3, but going up).

Expected future improvements include higher output power levels for
CW optical devices, higher pulse repetition rates, and a general optical
device efficiency upgrading. Future cptical systems will enjoy an even
greater advantage over microwave systems in the areas of weight, bandwidth,
ard information rate per unit weight.
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APPENDIX A

DERIVATION OF SPACECRAFT ANTENNA SYSTEM GAIN AS A FUNCTION
OF WEIGHT AND FREQUENCY

(1) oOptical quality ground glass mirrors:
The following assumptions have been made:
(a) Coefficient of thermal expsnsion Cp=3x 106
per °K. (Pyrex)

(b) Point to point maximum mirror surface temperature
varistion AT =% .5°%k (Thermal control required.)

(¢) Mirror weight increases as square of aperture diameter

due to extensive honey combing.
(d) Allowable surface deviation A= A\/16
(e) Pyrex density D = 200 1b/ft.>

(f) Diffraction limited gain increases as square of aperture

diameter.
The weight of a reasonable size optical mirror may be expressed as:

W= £x 4D
4 18

A six inch diameter pyrex mirror weighs 2.5 lb., typically.
The gain of a parabolic, diffraction limited reflector is given by:
G=L4T11 d\ 2
(1.22)2 \a

A six inch diameter mirror gives a gain of about 110 db at a

frequency corresponding to a wavelength of 7000 a.
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From these relationships and assumptions the following table is

derived:
d W O _1/2 Beam Gain ()=T0O00A)
6" 2.5 1b 6 ¥y rad. 110 db
12" 10 3 116
18" 25 2 120

Environmental effects will set a maximum limit on the usable
freguuncy range of a given mirror. Let DT represent a dimension
critical to optical mirror performance (say the focal point to
surface distance). The maximum variation of D, has been shown

by several sources to be equal to A/16. Using the relationship:

A = A min,
16 =S D T

one may derive the minimum usable wavelength of a 6 inch mirror
as €900 Angstroms. lLarger mirrors naturally have larger values of
A min. Eventually, optical mirror environmental problems will have

to be investigated more fully.

(2) Silvered-ground plastic mirrors for operation in the neighborhood of

10 terracycles:

The sort of assumptions as to the gain and weight variations with
aperture diameter as were made for ground glass mirrcrs are
applicable here. It is only necessary to tie down one point on

the gain vs. frequency curve for purposes of a rather crude estimate.

The following parameters are not unreasonable:

(a) Density of plastic 70 1b/ft?
(b) Diameter of reflector = 1 meter.
(¢) Surface tclerance = \/16 = .0002 cm.
(£=10TC)
This particular configuration gives a gain of about 92 db and weighs

around 50 pounds.
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(3) Plastic - metal eandwich construction fcr operation at 20 to 150
glgacycles:
Antennas for a 50 gc frequency which have the following values

may be fabricated using this construction technique:

(a) Diameter = 1 meter.
(b) Weight = 10 pounds.
(¢) Gain = 48 db.
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2.0 OPERATIONS AND SYSTEMS ANALYSIS

The selection of a system or systems for communication over millions
of miles will be strongly influenced by the mission and the operational
aspects of the tasks to be performed by the space vehicles. In order to
optimize the design of the communicatiom system im amy worthwhile semse, it
will be mecessary to perform aan operatioms amalysis of the missiom amd
a systems amalysis of the gemeral commumicatiom system, to evolve a model
from which useful parameters may be deduced amd parametric limits amd
ramges determimed.

2.1 COMMUNICATION SYSTEM REQUIREMENTS

The nature of the various feasible amd probable missions must
be determimed amd the commumicatiom systems requirements specified
by a set of commumicatioms requiremeamt '"profiles''. These profiles
will give message duratiom amd fidelity, imformatiom rate, amd other
essential data as a fuactiom of missiom phase, duratiom, type, locatiom,
etc. Relative priorities of messages amd allowable or requisite flexi-
bility must be comsidered.

Types of Data

A space commumicatiom system will be comcermed with the trams-
mission of three major types of data:

1) Speech - gemeral voice commumicationm

2) Scientific amd emgimeerimg - spacecraft system Semsors,
guidamce data, etc.

3) Pictures and television - real time television, facsimile

The- systems requirements of the communication link will be dependent
on the data requirements of the three classes of data. Of prime importance
in specifying a link and assessing its capabilities will be the determination
of the data rvegulirements criteria. In particular, the following data
requirements must be determined:

1) Speech

Acceptable bandwidth
Acceptable transmission errors

2) Scientific and engineering
Information rate profile

Data correlation
Acceptable transmission errors
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3) Pictures and television

Resolution

Frame rate

Element quantitization

Types of scenes or pictures
Acceptable transmission errors

The determination of these data requirements {s largely subjective,
but reasonable estimates can be given based on present communication
practice. Table 2-1 illustrates typical data requirements for common
classes of data.

It is not obvious that theve woo'd Lo oany JuslilTable g voreet [ real-
time communication of speech, data, or pictures in deep space missionms.
Since the transit time for an electromagnetic wave will characteristically be
many minutes it is difficult to see why a further delay would be of any
consequence in most missions. Although vehicular and planetary speeds in
space are large, the spaces to be traveled are so enormous that the times
are great and for most missions any decisions or information flows are not
of an immediate nature. Plenty of time will be available for consideration,
computation and transmission. There are cases involving observation of
transient phenomenon where the data must be gathered quickly, but except
where the space vehicle itself i{s in immediate danger of destruction this
data can be stored for later transmission at a less-than-real-time rate.

In the case of communication with a station based on a rotating moon or
planet, or on a satellite which is periodically obscured it may be
desirable to transmit a given quantity of stored data in some relatively
small fixed time, say 12 hours for the Earth, on 1.5 hours for the less
likely case of a 100 mile high Earth Satellite. Some indication of the
total information rates for scientific data can be had from the Mariner 1I,
which transmitted 720,000 data bits per day from 7 scientific instruments
during inter planetary flight. About 150 data bits were used for each
scientific data point.

By the time manned deep space flight arrives most of the basic
information about inter planetary space will be known. Although there
will always be requirements for experiments in space and of increasing
sophistication, early manned flights will undoubtedly not have this
requirement, and most communication will be menitering of spacecraft
performance with large increases near end peints of flight nlanets,
woons, etc.,

Tource~Destination Relationships

Telemetry to earth satelites and moon prebes -- "short-range' space
vehicles -- has already reached an adequate stage of development, if
not optimized. Attention will therefore be feocused on longer than lunar
missiens., An attempt is made here te classify them briefly and outline
some principal parameter values.

Several categories are possible. The known solar system is com-
prised of 1 star, 9 planets, 31 meons or natural satellites, over 1500
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Some Possible 3pace Missions, Miniwun Energy Transfers (Hohmann Ellipses)

1 2 ? i 5 6 7 8 9

Sun oW P c3 8.3 93 8.3
RT

Mercury | O P C.T76 57 5.1 133 1.9 3330
RT

Venus o P 0.38 26 2.33% 160 .3 8760
RT Por M 2

Mars ay P 0 68 50 4 L8 3L 21.0 11550
RT Por M 2.66

Martian (0.4 P 2.66 50 L, u8 o234 2.0 11650

Moons RT Por M

Jupiter | OW P 2.8 392 5.1 576 51.7

Column Headings:

(1) Destination, from Earth

{2) One way or round trip

(3) Probe or manned flight

(4) Minimum energy trip time from Earth, years

(5) Minimum maximum distance from Earth, 10% miles

(6) Time for transit of light signal, seconds

(7T) Maximum distance from Earth, 106 miles.

(8) Time for transit of light signal maximum distance, seconds.

(9) Weight in pounds per man for food, air, water, at 12 lbs. per man per day.
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TABLE 2-2 TYPICAL DATA REQUIREMENTS

Signal PCM Representa- Maximum Tolerable

Type Bandwidth tion, bits/sample  Bit Rate Error Rate
Scientific -2
data 0-1 ke 9 18 kilobits 10
Engineering -2
data 0-1 kc 7 14 kilobits 10
Command data 50 bits 10-5
Teletype T5 bits 10‘5
Speech 0-4 ke 5 40 kilobits | 107
Real time 15 cps-Lme 6 48 millibits 1072
television
(500x500
element picture)
Pictorial 15 cps-10 ke 6 120 kilobits| 1077
transmission
{500x500 element |
picture in 12.5
seconds )
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asteroids. and comets, meteors, dust. etc. Except for Pluto, the
planets are all very nearly in a plane and in near-circular orbits that
revolve around the sun counterclockwise as seen from above the north
pole. Most of the moon orbits are considerably inclined to the ecliptic.
The planets range from 0.3 to 30 astronomical units from the sun, and
the moons range from 2.54 to 332 planet radii from their planets. Since
the Milky Way, the earth's galaxy, is inclined at about 62 degrees to the
celestial equator, certain space missions conceivably would never look
into it as a background. Most vehicles, however, will view the earth

or other communication stations against the Milky Way as a background at
least during a portion of the mission.

Since it is not possible to foresee or to prepare now for all future
time, this discussion will be iimited to missions from the sun out to Mars
and possibly to Jupiter, but primarily to Venus and Mars. The following
are likely space vehicle missions:

1) Probes {one way) to Venus and Mars, to impact or near miss
2) Probes [one way) to orbit Venus and Mars

%) Probes (one way) to land on Martian moons

4) Probes (round trip) to orbit Venus and Mars and return

5) Manned reconnaisance missions to pass by or orbit Venus
and Mars and return

6) Manned missions to land on Martian moons, Mars, and possibly
Venus, and return

- 7) Probes to Jupiter, Saturn, Mercury, and sun

These missions may take off from 2arth's surface. an earth satellite,
or a lunar base. There may be more than one space vehicle simultaneously
involved, particclarly in (5) and {£). Table 2-2 shows the possible
departure-destination relations, and some parameter values of interest.

Trip times are for minimum or near-minimum energy. Small increases in
velocity may result in large decreases in trip time. Doubling the Mars

trip speed r=duces the trip time to about one-seventh, for example. Though
such a measure would be extremely expensive, reiiability, psychological, and
other considerations might make it worthwhile.

One of these other considerations is the supplies of food, air and
water necessary for manned flights. One estimate available for lunar
base support indicates 13.3 lbs per man per day, another gives 17.5 1lbs per
day. Assuming that advancements in technique will be made before a manned
deep space mission occurs, 12 lbs per man per day is not unreasonable. This
provides added compulsion to reduce trip times by increased speeds, but also
competes strongly with communications gear for payload weight allocation.
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In selecting a communication freguency, one important factor is atten-
uation or scattering by the earth’'s and possibly cther planet's atmospheres.
Impenetrability of cloud cover by a certain frequency need not necessarily
exclude that freguency from consideration, however. At the earth end of the
communication system, since cloud <~ver is never complete, numerous
communication stations may te set up so that at least one will have a high
probability of being in the clear. An earth satellite may be set up above
the atmosphare to use as a relay station, using frequencies from satellite
to earth which do penetrate clouds. A similar system can be arranged with
a lunar base.

At the space end of the communication channel, Venus has complete
and continual cloud cover; hence the multiple surface station solution is not
feasible. 1In fact, preliminary exploration is necessary to determine
frequencies which will penetrate the Venusian atmogphere, which is much
different from Earth's and not now well known. Since Venus has no moons,
the only remaining possibility for communicating from the Venusian surface
by frequencies which are atmospherically absorbed is to go from the Venusian
surface to a communication satellite by a penetrating frequency, and from
there through space by the same or a nonpenetrating freguency.

Mars, on the other hand, has a3 viusually but nor nccessari'ly electrn-
magretically transparent atmosphere, so far as is now know., exuept I-r
occasional huge clouds interpreted as dust. Mars also has two ioms, so
that all three pnssibilities exist there--multiple surfacec stat ns.
communication relay satellites. and moon relay bases. ihe .urwian ctiospheric
transmission characteristics also reguire further investigati n.

It is clear that each type of space mission must have a coumunications
system designed as an integral part of the overall mission, since the
onvironment and range of conditions is so radically different 7'r each mission.
it is quite possible that a choice of frejuency for one mission would not
serve for another. 1t seems very likely, for example, that at least for
certain missions, a communication link between a space vehicle and an earth
communications satellite at one fregquency and between the satellite and
earth at another frequency will prove to be the optimum.

« .2 SPACE SYSTEM REQUIREMENTS

Space vehicle missions requiring communication may be classified as
to communications between planets and moons, planets and space vehicles,
planets and planets, moons and spacz vehicles, space vehicles and space
vehicles, and moon to moon. For each casez there are pertinent variations
in the existence of and importance of parameters that bound the communi-
cation system. These parameters include, for example, tracking rates,
payload capabilities, energy sources, doppler shifts, signal transit times,
background noise, general physical a2nvironment, local atmospheric effects,
vehicle stabilization, fuel costs, solar radiation intensities, mission
duration, and numerous others.

Payload Capability Estimates

The communications payload capability of various space vehicles is a
function of booster and upper stage availability, vehicle destination., mission
purpose, and weight allocation to communication in competition with other
types of paylosd. The availability of boosters and missile stages

27



changes with time, and it will be possible ro draw more definite and useful
profiles at a later date. At present, only the priné¢ipal current systems
and those under active development are listed {see Table 2-3).

TABLES 2-3. CURKRENT SPACE VEHICLES

Moon Land- Venus
Second 300-Mile Orbit ing Payload, Availa- Payload
Booster Stage Payload, pounds pounds bility Pounds
Thor Agena B 5,300 Now
Atlas Agena B 5,000 to 5,800 600 to 1200 1965 600 t:.
1200
Atlas Centaur 8,000 730 (hard land- 1965 1500

ing) 100 to 300
{soft_ landing)

Titan II 6,280 to 9,375 1963-64

Titan III 29,500 1965

Saturn Cl1B 25,000 Being
Launch-
tested

Most of the manned deep space vehicles will probably be launched by
boost systems not on this list, such as the proposed Saturn V, Nova, Phoenix,
or large solid boost systems. Figures 2-1 and 2-2 illustrate some of the
payloads envisioned by mission type and booster category. The curves are
actually broad uncertain bands. )

A useful method of categorizing space vehicle missions is by velocity
increments required. This relation comes about due to the nature of the well
known fundamental rocket propulsion equations:

Velocity = glsplog (wfuII\ + gt cos © + drag term
=mrpty

The velocity attained is extremely sensitive to small variations
of the ratio of full to empty weight. This sensitivity is further compounded
when multistage rockets are considered. Therefore the slightest changes or
faults in design can have major effects in mission-payload characteristics,
and prediction in this field becomes increasingly hazardous as total required
velocity and/or number of stages increases.

Some specific missions and their required velocities are given
in Table Z-4. They are minimum energy, and thus long transfer time orbits.
It may be desirable to sacrifice payload for a higher speed--and thus shorter
time in space--for reliability reasons or for flexibility in the launch
windows. While a one-way Venus probe may take about 4 months and to Mars 8
months, a trip to Venus and return will take over 2 years, and to Mars and
return 2.66 years. This time is mostly spent waiting at the planet for an

appropriate time (i.e , position relative to earth) to start the return trip.
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TABLE 2-L. REQUIRED MISSION VELOCITIES

Velocity,
Mission ip

Earth satellite {300 nautical miles) 24,000 +
Earth escape 36,680
Flight to sun 46,583
Flight to Venus 38,220
Flight to Mars 38,579
Orbit of moon 38,000
Soft lunar landing k4,300
Orbit Venus at 2000 nautical miles 47,410
Orbit Mars at 6000 mautical miles kL, 700
Land on Mars and return 56,700 to 100,000

In the case of one-way probes, it may be possible by incressing
speed, at some sacrifice in payload, to reduce the distance from earth
to Mars (or Venus) at the time of impact. This may have compensating
advantages in reduced range for telemetry transmission and therefore reduced
power and eased tracking requirements. The problem of interplanetary
orbital mechanics is exceedingly complex, and while it should not be
explored in detail in this study, those points pertinent to communications
must be examined with care.

The manner in which the velocity increments may be separated is
illustrated in Table 2-5.

LE 2-5. T _LUN
Velocity,

Mission fps
Earth satellite velocity 25, 000
Leave earth satellite orbit 10,000
Enter moon orbit 2.000
Land on moon 5.700
Launch from moon 5,700
Leave moon orbit 2,200
Enter earth satellite orbit 10,000

These tables are included, not to enable design of a space vehicle, but to
illustrate the highly "tailored" quality of such design and to imply the
high dependence of payload on the particular mission character.

The mission purpose (as distinct from its path) will also strongly
affect the communications payload. Very highly instrumented experimental
vehicles will require large amounts of telemetry; proven designs with
only logistic functions will need less. Man-carrying vehicles will need
more communications; vehicles carrying continuously operating or real time
equipment, experiments, or data sources will need more.

Problems of priority will arise when the always-limited payload must
be allocated among the many items to be carried besides communications.
These problems are closely allied to the mission purpose but also involve
large elements of pure judgment and are for the most part not easily quantifiable.
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How to decide, for example, the relative worth of a safety device for
manned vehicle as compared to an increment of communication capability?

Energy Sources

Communication requires energy. The energy must be obtained from
some source, converted into usable form--usually electrical energy, and
the waste energy radiated into space. There is an extensive and rapidly
growing experience and literature in this field, and only a synopsis is
given here.

The practical schemes for energy sources comprise three types: those
using solar energy and thus carrying no fuel; those carrying fuel, which
has weight and is expended; and nuclear sources, whose 'fuel'" is essentially
weightless.

Solar energy sources will require smaller collecting arrays on Venus
trips than on Mars trips. due to the proximity of the sun. The solar
constant goes from 1.9L4 cal/cmg/minute at the earth to about 3.71 cal/cmg/
minute at Venus, but to about 0.84 cal/cm?/minute at Mars.

For space vehicles which need energy only or mostly at or near Venus,
the solar collectors can be about half the size of those near earth. For
vehicles needing power all the way, either auxiliary sources for the near-
earth portion of flight or larger collectors must be used, which will result
in a considerable reserve at Venus.

On the other hand, Martian trips will require solar collectors about
2.5 times the size of those needed near earth. Actually the solar radiation
made available must be tailored to the energy demand profile, based on
mission requirements.

The solar radiation can be used for direct conversion to low-voltage
direct current by devices such as solar silicon cells. These devices suffer
from meteoritic erosion, radiation, and other space environmental effects.
Estimates of time to decay to 75 percent of original performance run from
3 months to 10 years. Furthermore, they decrease in efficiency at higher
temperatures, the efficiencies near Venus, Earth and Mars being about 7.8
percent, 9.3 percent and 10 8 percent so that solar cell arrays must have
areas per kilowatt of 50 ft2, 85 ft2, and 165 ft2 respectively. The
sunlight collected may be used for turboalternator, thermocouple, and thermionic
generating devices as well, each having its own characteristics and potential
utilicy.

Chemical, or fuel carrying power sources, have lives limited by the
quantity and storability of fuel as well as the other factors affecting
reliability. Types of sources are batteries, fuel cells, magneto-hydrodynamic
generators, turbogenerators, and reciprocating engines. These are not expected
to be practical as primary communications power sources due to the heavy fuels.

Nuclear radiation sources comprise those using radioisotopes and reactors.

The radioisotope sources have an exponential decay of power; the reactors
maintain constant power availability until the fuel is used or reliability
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problems intervene. Nuclear sources require shielding in some proportion
to their power output

Some of the energy sources produce usable electric power directly.
Most must use some form of converters to provide the power in usable
electric form. No such system has perfect efficiency. and power systems
must discard waste power. This can only be done, on long space missions,
by radiation.

The size and efficiency of the radiators are a strong function of the
temperature of the radiating surface. It is possible to use combinations
of power sources and converters which work in various temperature regions
so that one utilizes the exhaust power from another, and thus to improve
the overall efficiency, but in no instance can a heat engine use all the
power input. Radiators are subject, as are solar panels, to erosion and
meteoric puncture; hence redundant radiators, shielding, etc., are used
at rather heavy cost. For some characteristic radiators, doubling the
wall thickness (and thus the weight) gives an order of magnitude decrease
in penetrations per unit area per unit time. A radiator weighing 9 1b/ft
would be expected to suffer 2 x 10-3 penetrations per square foot per year,
for example. For a perfectly black radiator facing space only, the minimum
area needed per kilowatt of emitted power is

S
('15)=_1L_

=T

1

whom ¢ .1 % 107 2 KW/ftg/(deg Kelvin)l‘

and T = radiator temperature in degrees Kelvin.

Table 2-6 gives some pertinent data on current and near-future power
source development. This list is far from complete. It appears. however,
that for space vehicles requiring operation for periods of months to
years that solar cells, solar collectors and nuclear fission devices are
the most promising.
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Acquisition and Tracking

In deep space communications, of the order of a hundred million miles
range, communication system power will be at a premium; therefore, the maxi-
mum feasible antemna gain must be used. This means narrow beams, introducing
an acquisition and a tracking problem.

Space vehicles must move in very accurately known trajectories. A
probe sent to Venus, for example, will miss the planet entirely if the
speed is in error by 0.5 fps in a total of about 38,000 fps. Continued
tracking of the spacecraft can be maintained and minor corrections made
to ensure the proper trajectory. The point here is that spacecraft pos-
tions will always be known to very close tolerances; thus acquisition of
communicating stations by the spacecraft should present no particular
state of the art problems. Acquisition under such circumstances becomes
mostly a computation and pointing problem, though such computations must
take account of the velocity of light and lead the target accordingly, since
one-way transmission may take as much as a quarter hour of transit time.

Engineering practice for the controlled pointing of an infrared
gimballing system is currently 15 microradians. Present good resolvers
have readout accuracies of 100 microradians, with 5 microradians promised
by some. Pointing stabilities of the order of 0.1 to 1.0 microradian
are achieved at present by astronomical devices on the earth. It would
seem then that acquisition could be performed without scanning, by a
single look, with beam widths of the order of 15 microradians or larger
provided adequate platform stabilization can be achieved. A diffraction
limited antenna of 1 meter diameter cannot produce a beam this narrow at
wavelengths longer than 0.012 mm, to set the perspective. The larger the
beam angle, the easier the acquisition and the less the dependence on good
platform stabilization and accurate position and attitude computation.
However, requirements go up as the square of beam angle.

Tracking can be carried out with the communication beam or with
auxiliary equipment. Astronomical telescope star tracking systems, although
an optical method, are presently being made with tracking accuracy of the
order of 0.5 microradian. Star tracking systems--passive trackers--for use
on earth satellites and space vehicles now &re claimed accurate to 5 micro-
radians. Space probes could track any known star, moon, or planet and then
position the communication beam accordingly. For cummunication with moons
or plarets having no atmosphere, cither passive or active tracking is possible
on light sources at the station tracked, subject to weather interrerence on
planets having an atmosphere. This method would avoid the dark phase problenm,
which, however, might not be severe, since complete dark phase conditions
would ba rare and transitory and therec are numerous alternate tracking points
available in space.

A plausible scheme might be to optically acquire and track a powerful
ruby laser flashed at frequent intervals and to align the communication
beam to the desired communication station by proper computations involving
the trajectories and signal transit times. The required beam width would
then be determinec by platform and tracking stabilization and computational
accuracy and could be as narrow as of the order of 15 microradians. This
would give the minimum power requirement, and other practical factors would
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then be considered which would be traded off against increased beam width
and therefore increased power.

If the communication station being tracked were leocated on a planetary
satellize, the orbital period of the satellite could easily be of the order
of signal transit times. This situation could lead to tracking problems.

At long ranges, a solution could be to track the earth, using beamwidths
sufficiently wide to include the entire satellite orbit.

Close to earth, however, this solution requires enormous beam widths.
Therefore the preferable solution will probably be to track the satellite
itself and accept the added computational complexity of eclipse problems,
etc. Use of a 24-hour synchronous satellite or synodic satellites might
be a preferable solution, or a moon station, with relay capabilities.

Tracking space vehicles from other space vehicles may be more
difficult. Here the distances will usually be much smaller, but relative
positions not quite so accurately known. It would geem that use of high
power lasers for optical acquisition, followed by tracking by optical,
radar, or commnications beam means, would be quite feasible.

Spacecraft Stabilization

As pointed out in the discussion. of acquisition and tracking, it
is important that the spacecraft be adaquately stabilized so that narrow
communication beams may be used and low power and low weight systems
evoived. In both manned and unmanned space vehicles, vibrations and
mechanical perturbations will be induced intermally by rotating and
vibrating machinery, thermal flexing of the spacecraft, operation of
the stabilizing controls themselves, motion of tracking antennas, solar
panels, cameras, and orientable instruments of various sorts, and shifts
of center of gravity as fuels slosh and are expended and wastes disposed
of overboard. In manned craft, the slightest motion of personnel--even
their breathing while asleep--will cause spacecraft motions which could
conceivably interfere with communication tracking and acquisition and there-
fore must be considered in the design.

There are also external perturbing forces such as meteoritic impact
and the effects of gravitation of planets and moons in the vicinity. For
many reasons, it is not always adequate to permit a space vehicle merely to
drift in space, even if it were sufficiently stable otherwise. It often
will be necessary to continually or periodically reorient the vehicle
attitude as the trajectory changes with time. Many earth satellites currently
are adequately stabilized to the order of about 1 degree in attitude. The
pending Orbiting Astronomical Earth satellites will require temporary
stabilization to astronomical standards (about 0.5 microradian) in order
to obtain adequate resolution of astronomical photographs, and this is
apparently within the current state of the art. For true deep space
missions, it will almost certainly be necessary to mount the communication
antenna on a stable platform. If the vehicle is manned, personnel movements
will be so uncertain ard of such magnitude as perhaps to require a very
much decoupled system, possibly even a separate vehicle or a detached
“pod"', self-stabilized and recoverable. The need for such drastic meas-
ures will depend on the results of the tradeoffs which can be made be-
tveen communication beam stabilization, beam angle, power, and weight
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under the particular mission vibration, perturbation, range, and other
requirements. In missions requiring extreme precision of control
(long ranges and narrow beams) the entire vehicle may be stabilized,

but if economy in control capacity is paramount, a small platform should
be stabilized.
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2.3 COMMUNICATION CHANNEL CHARACTERISTICS

When selecting a communication or telemetry system, consideration
must be given to the characteristics of the channel in order that the signal
may be properly tailored for its optimum use. The principal element in
channel characterization is the presence of background noige and attenuation.
If no noise were present, there would be n» limit on the range of a trans-
mitted signal since the received energy could be amplified as much as necessary
to regain the intelligence. Noise affects the range in several ways. At
the transmitter, it affects the stability and clarity of the signal. 1t
influences the intensity, direction, and spectral characteristics of the
transmitter-receiver space link. At the receiver, the noise is temperature
and bandwidth-dependent. It also affects the receiver oscillator stability
and purity. The three basic sources for noise in the entire frecuency
spectrum are: background, trangmitter and receiver. They are treated
independently in this report.

Background Noise and Attenuation

For deep space telemetry, two complz2tely different noise envir> nments
can exist. They depend on the source-destination relationship and, in
particular, on whether the communication path is between space and earth or
between two space locations.

The essential difference betwsen these cases is the presence of the
earth's atmosphere and interfering radiati on which results from man-made
noise. The latter can be reduced considerably by the selection of a rermote
operating site. The former, however. must be considered strongly in the
establishment of the optimum operating frequency.

The earth's atmosphere has essentially two effects on communicatinns.
First, it attenuates the incoming sigral within the system passband, and second,
it serves as a filter-converter of the signal and incoming extra-atmospheric
background radiation. Thus radiations which might normally lie outside the
passband of the receiver in a communication system operating from a space
transmitter to a space receiver is converted into noise radiation in the signal
portion of the spectrum for a communication system which involves the atmos-
phere as part of the communication channel. Conversely, noise in the passband
which would be a source of interference in deep space is filtered out by the
atmosphere 1f the receiver is located on the earth. The principal degradation.
however, results from the signal being not only attenuated but also converted
to noise within the passband of the receiver by means of forward scattering
and absorption/reradiation processes. Thus, conditions for operation through
the atmosphere can differ quite significantly from those in deep space. Some
of these significant differences are discussed here and estimates are given
of the magnitudes of the individual noise contributions.

Radio Noise

The background noise has a variety of sources and frequency distribu-
tion bands. One of the greatest sources of noise is the earth itself. The
earth's atmosphere, besides absorbing selected frequencies, generates some
of its own, principally by lightning discharges in thunderstorms. All the
atmospheric radio noise is dependent on frequency, weather, time of day, year,
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and geographical position. For radio communication at frequencies below
50 mc, atmospheric noise is usually the limiting factor. A plot of noise
versus frequency is given in Figure Z-3 for both night-time and daytime.
The graph shows a sharp rise in noise with decreasing frequency. Other
types of noise are shown to scale on the same plot for comparison.

Radio noise can be classified in three distinct sources: 1) man-made,
from motors, appliances, etc.; I, inherent, from thermal agitation, shot
effect, etc., in the equipment; and 3) natural, from space, atmosphere, etc.
To interfere, the noise must enter the receiver passband. The noise may
contain frequencies in the sensitivity band, or sufficiently close and with
sufficient strength to enter the "extended" bandwidth. It may combine
(hetrodyne) with another frequency in some nonlinear element and generate
a new frequency in the passband.

Man-made noise is a congiderable problem when the earth is one of the
communication stations. This man-made noise takes the form of electrical,
wide-band disturbances from such sources as autoignition, motors, generators,
and high-tension lines. Figure 2-3 shows this noise as a function of
frequency for both urban and suburban areas.

The sun puts out noise in bursts principally in the 100 to 580 mc band.
Noise storms occur on the sun that have a long series of short bursts con-
tinuing for hours or days. These short bursts of noise are superimposed on
a background of slow varying radiation. Most of these storms have a wide
frequency distribution but rarely exceed 250 mc. Some have bandwidths of a
few megacycles and last from a fraction of a second to almost a minute.
Others may have a bandwidth of nearly 30 mc and rarely exceed l-second
lifetime. A slow noise burst is usually narrow band and intense. It usually
drifts down in frequency gradually and sometimes irregularly. The fast
bursts are very common and have a fast drift down in frequency.

In general, external noise is a function of frequency. The lower

the frequency, the greater the interference. This effect is illustrated
in several curves in Figure --3.

Cosmic Noise

The most difficult to investigate from a point on earth is solar
and cosmic noise, shown in Figure 2-8. The sun is the greatest noise source
to consider from anywhere in the solar system. Its corona is not terminated
in a finely divided line but extends with diminishing effect several million
miles out into space. Dust particles scatter and diffuse the light and
RF energy, making its effect noticeable in all directions. At earth
radius {1 astronomical unit) from the sun, there 1s still about 2 cal/em™/min
of energy available; 99.8 percent of this energy is in the 0.2 to 0.7
micron band.

The nine planets and their 31 moons and the asteroidal belt, comets
and dust generate some noise, although it is slight compared to the sun.
Venus, the planet with the greatest reflectivity, emits about 1 erg/cme/sec
at 107 km distance. Most solar system bodies without atmospheres have
thermal radiation close to that of a standard blackbody radiator at the
sur face temperature. Thermal radiation from atmospheric bodies is dependent
on the wavelength and surface position.  Venus, for example, is equivalent
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to 250° K at 10 microns and 600° K at the centimeter frequencies.

Other sources of noise exist outside the solar system. The
greatest in the near-visible band occurs toward the center of the
Milky Way. The type of energy emitted is very similar to that from the
sun.

The entire sky has about 10‘.3 ergs/cme/sec, compared to the
visible air glow of 16 x 10-3 ergs/cm2/sec. The radiation density has
been estimated at 12 x 10-13 ergs/cm©/sec, which is equivalent to about
39K. The sky is not uniformly bright; estimates place it at about 700
(visual magnitude of 10) stars per square-degree toward the galactic center
and about 35 stars per square degree toward the galactic poles

At radio frequencies. the sky contains over 600 discrete radio noises.
Ninety-eight percent of each have energies more than 6 x 10-23 ergs/cm2/cps
and a temperature greater than 104K at 1.7 meters. Their cone angle is
somewhat less than 1/2 degree (the apparert diameter of the sun and moon).

The overall sky brightness mean temperature is about 700°K at 3 meters. At
the galactic center, it is 2 x 104K at 30 meters to less than 10°K at 10 cm.
The brightest source, Orion, has 2 x 10-3 ergs/ch/lec, where the total

flux in this region from all sources is about five times as great. Figure 2-4
shows & comparative plot of several noise sources.

For frequencies above 50 mc, atmospheric noise {s of diminishing
importance and becomes negligible with respect to other factors at gigacycle
(1000 mc) frequencies. At these higher frequencies, the effective antenna
noise temperature results from many other sources, principally the atmos-
pheric absorption noise and earth radiation noise, as well as the previously
discussed galactic, stellar, and planetary noise.

Earth radiation noise is important especially for a space receiver
that must look at the earth background with its main or sidelobes and for a
ground-based antenna that has increased antenna noise from its back or
sidelobes. This contribution can be typically as much as 20°K. Recent
antenna designs that place the focus of the parabola below the rim for near
zenith viewing help keep this figure low.

Atmospheric Attenuation

For earth-space or space-space communication the line of sight
condition predominates. Even communication to the back side of the earth
or moon will be line of sight, with the aid of one or more relay stations.
Propagation computations are simplified under these conditions.

when transmitting through the earth's atmosphere determination of the
propagation characteristics becomes complex due to the atmospheric attenuation.
The absorption characteristics are well known for certain frequency bands.
Figure 2-5 shows a portion of the spectrum for the earth's atmosphere only.

Figures 2-6A, 2-6B and 2-7 shows the approximate attenuation character-
istics of our atmosphere. It is transparent in some regions such as most of
th: 1. to 14, band. There are several opaque regions here also due to
absorption of energy by water vapor, carbon dioxide, carbon monoxide, ozone,
methane and nitrous oxide. The 14 to 1 mm band is entirely opaque due to
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FIGURE 2-5
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water vapor absorption. From 1 mm to 20 meters the atmosphere is transparent.
Above 20 meters all the energy is absorbad or reflected by the ionosgphere.
Clouds, if present, are severe attenuators of some portions of the spectrum
such as 1.25 cm. Figure 2-5 shows the water vapor absorption characteristics.
The thickness of the atmosphere affects the attenuation. when looking
through the atmosphere at some slant angle the attenuati n is greater.

Figure 2-7 gives a multiplication factor as a function of the altitude angle.

When considering other planets atmospheres of different composition and
densities, new attenuation characteristics must be derived. This includes
the sun's corona when the communication link is between two points near
opposition.

Sky Irradiance

In the near visual portion of the spectrum the sky exhibits
tremendous changes in irradiance depending on the conditions. During the
day the diffused sunlight causes it to glow very bright. Cloud cover influences
it considerably making it brighter or dimmer depending on the location of the
observer. The moon phases causes changes in the night sky that are very
noticeable. Starlight, eclipses, snow reflections, etc. greatly alter the
radiance. Figures 2-8 and 2-9 show the radiated power under some of these
conditions. Many factors influence this such as elevation angle of viewer,
latitude, season, altitude, time of day, and many more.

Sky Noise Temperature

In the radio frequency spectrum the sky also has radiation. 'This is
usually measured in an equivalent black body temperature. Some of the major
contributors to this form of noise are oxygen and water. Figure 2-10 shows
the amount of temperature contributed by these as plotted against frequency
for several elevation look angles. It is most severe when looking near the
horizon. There is a peak at about 22,000 megacycles due to the water alone.

When looking at the total noise temperature, (sufficiently removed
from cities and other sources of man made noise) a curve is obtained as
shown in Figure 2-11. The low point is the preferred region to operate
in and it appears at about the 5 to 8 gigacycle band.

Atmospheric Distortions

An optical space to earth communication must penetrate the atmosphere.
This ocean of gases affects the desired signal in many ways, almost all
undesirable from the communications point of view. It masks the signal during
the daylight hours by diffused sunlight and to a lesser extent at night by
scattering the starlight and moonlight. It attenuates the signal severely in
many spectral bands, becoming entirely opaque in some and remaining nearly
trangparent in still others. Even in the atmospheric windows the signal is
distorted in many ways. These perturbations principally take the form of
refraction, image moti'n, pulsations, and scintillation. The latter three
relate to the turbulence of the atmosphere.
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FIGUREZ-IO
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FIGURE 2-/1
SKY NOISE TEMPERATURE
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Refraction

A quantum of energy normally travels a straight path at a fixed
velocity through a homogeneous medium absent of influencing force fields.
If this bundle of energy enters a denser medium such as an atmosphere,
the speed decreases a little. 1If the wave front enters the dense medium
at an angle, portions slow up before others causing a change in direction
of travel called refraction. The wave is 'bent' in the direction toward
the normal of the denser medium. The amount of bending is proportional to
the angle of entry with respect to the normal of the dense medium's surface.
It is also proportional to the relative speeds in the two media which is
a function of the density and is called the index of refraction (u). The
angle of incidence (f) and the angle of refraction (©) are related to u by
Snell's law which says:

sin Q _ o

sin & ,7;

where § and 77, are associated with one medium and © and/?l are related to
the other medium.

When the atmosphere is the dense medium, the bending is called the
atmospheric refraction. The effect is to make the object in space appear
higher than it actually is. Figure 2-12 shows & plot of refraction as a
function of elevation angle. At the zenith there is no refraction but at the
horizon it is as high as 3L4.5 minutes. The curve is for sea level altitude;
for increased heights there is less atmosphere and the refraction decreases.

For a simplified communication link the angle may be limited to a minimum
of 15%, but if a large compensation angle is tolerable, reasonably accurate
apparent position of a space vehicle can be obtained down to about 2° elevation
angle where the refraction becomes erratic.

There are many irregularities that influence the refraction. An
example might be the low altitude turbulence that precedes or follows a
storm. Octher factors are: time of day, temperature inversion layer, large
surface to air temperature differential, stratified air following long periods
of no wind, ice winds across tropical lands, cold rivers runing into seas,
sudden air temperature or pressure changes, change in humidity, azimuth angle
at some latitudes. color of vehicle (red has been 4 times as much dispersion
‘at the horizon as does blue), and irradiation (contrasting brightness objects
apparent size growth). The parallax angle should be considered for vehicles
reasonably close to the earth. Most of these are predictable and therefore
correctable, while others are minor. Tables are available for correction
of some factors like temperature and atmospheric pressure.

Image Motion

The turbulence of the atmosphere causes the apparent space vehicle
to move around in a short random path. The amount of motion (maximum deflection)
varies from time to time and from place to place. Adjacent to the sea and
on high snowcapped mountains, where turbulent atmospheric conditions predominate.
viewing is worse than on southern latitude peaks such as Mount Wilson,
California.
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These random fluctuations in the direction of the light are dependent
upon the size of the aperture of the receiver. With a small zperture only a
small, narrow, almost parallel bundle of light enters the aperture whose
direction varies with the turbulent atmosphere. This causes an apparent
total displacement of the image. As the aperture size is increased the image
begins to blue slightly and appears somewhat steadier. Further increases in
aperture size result in a blurred image, but steady. The size of the blurred
image is about the same size of the small aperture image motion limits.
This is the result of the larger aperture capturing the non-parallel light
rays simultaneously that enter the small aperture as a function of time, re-
sulting in a smeared but somewhat larger image.

Tatargki* has shown that the mean square fluctuations of the angle of
arrival{a2jof the light through the atmosphere is proportional t» the secant
of the zenith distance (©) of the light

~

a“ = A2 sec © (1)

A is a constant depending on the meterological conditions in the order
of a few tenths of an angular second. Figure 2-13 ghows a plot of Equation 1.

It has been found that the fluctuations in angle of arrival are
principally dependent on the lower layer of the atmosphere. There is a
coodination of frequency and wind velocity, strong winds correspond to
higher frequency.

Figure 2-14 shows a plot of image motion vs. elevation angle for
good, average and poor seeing conditions. Figure 2-15 shows a representative
plot of image motion vs. time.**

Pulsations

This results in an apparent change of size of the vehicle due to
the turbulent atmosphere taking a momentary lense shape causing either
an increase or decrease in magnification giving a change in inage size.
These variations may occur with a size ratio of at least 2 to 1.

Scintillation

This is a result of the atmosphere focusing and defocusing the image
of the vehicle's light and appears as a 'twinkle' in intensity. The amount
of twinkling is a function of the zenith angle. As the zenith angle gets
larger, the high frequency fluctuations decrease and the low frequency
components become more pronounced.

Scintillation corresponds to light and dark patches on the surface
of receiver which are about ten centimeters across. These patches move across
the surface causing intensity variations. The r.m s. amplitude is larger

*Tatarski, "Wave Propagation in a Turbulent Medium"
**Private conversation with A.H. Mikesell of the Naval Observatory by
W.E. Horn, Westinghouse Electric Company; Space Optics Lecture Notes,
UCLA, 1962.
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for small aperture receivers. Experiments {Protheroe 1955) have found
the mean value of the scintillation is about 40 percent of the rean
inteusity for a 2.5 cm. aperture near zenith at right. Larger aperture
fluctuations are much less, in the order of 5 percent for 30 cm cbjective
but varies over a large range.

The number of patches on the objective is proportional to the
square of the aperture radius ( )2 . The fluctuations of the integrated
intensity from its mean value varies as the square root of the number of
patches seen. The time average illumination is proportional to the area
squared (A?}E. Then the ratio of the fluctuation to mean illuminatien

Ro.

varies as When Ry ) 2 (Ar)'o the following approximation holds
1 V2 . et
— = Jofr
IDC R2 ho
where: (b/}é: 2 cm (approximately)
I = mean-square fluctuation in intensity of light

received through a circular aperture of radius R2

IDC = time average intensity
hy = mean illumination of aperture per unit area
h = mean square amplitude of intensity fluctuation in

the pattern

This is good for at least the range 1.25 cm<fR2'<16 cm.

Figure 2-16 shows the twinkling as a function of the diameter of
the receiving aperture. It can be seen that increases in aperture diameter
beyond the diameter of the light and dark patches results in little improve-
ment.

The lower layers of the atmosphere have little effect on the twinkling,
i.e. scintillation appears to be a function of the higher atmospheric layers.

The frequency of the twinkling is a function of the zenith distance.
The curve in Figure 2-17 shows a decrease in frequency with increased angle.

In searching, acquiring and tracking the space vehicle from a ground
based station, small beam angles should be avoided where possible due tc the
complex and often unpredictable atmospheric effects. Large bear aungles are
not necessary (and undegirable from background noise point of view) since
most of the disturbance factors of the atmosphere are very small and predictable
for compensation. Low elevation angles should be avoided if a narrow beam
is found necessary since most refraction effects are found here. High
altitude stations are preferred in general due to the refraction improvement
even though there is no improvement in the scintillation effects.

This atmospheric distortion study is based on a space to earth link.
The earth to space system can be made equally as good with the proper
selection of optics.
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Syster Noise-Bandwidth Comparisen

Figure 2-18 shows the noise in watts as a function of the information
bandwidth in kilocycles for frequencies of five and 50 gigacycles and
optical wavelength of 0.6943 and 2.36 microns.

The radio frequency noise was found by summing the effective filter
bandwidth noise and the signal noise in the information bandwidth.

For the optical frequencies, a similar method was used but the noise
pover within the filter bandwidth was not significant.

For the 5 KMC case two values are given, the difference being in the
assumed internal receiver noise. A temperature of 20°K was assumed for
the worst case while the optimistic value assumed was 10°K. The optical
bandwidth is given by the equation:

A
where ¢ = velocity of light, 3 x 108 m/sec.
A = wavelength at frequency selected in meters.
B = bandwidth in cycles per second.

This gives bandwidths of 270 and 3100 cps for 2.36 micron and 0.6943 micron
respectively, assuming a filter passband, A\, of 1A°.

The total noise is given by the equation:

=k'reB + hyB

N £ 1
where K = Boltzmanns constant 1.38 x 10-23 Joules/degree K

T, = effective temperature (3° k for sky)

B, = filter bandwidth (cps)

h = Planks constant 6.625 c 10-3h Joule-sec.
V = c¢/» (carrier frequency)

¢ = velocity of light 3 x 1O8 m/sec

A = wavelength of carrier

B1 = information bandwidth, cps

For the radio frequencies the total noise is given by the equation:

-4
f

K Te Bf + K T} Bi

receiver temperature, k.
60
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o For the 5 gigacycle case the temperatue is composed of loK galactic,
1K earth (from antenna side lobe), 5.2°K sky (B0 £ 0,), and receiver noise
of 20°K and 10°K.

For the 50 gigacycle frequency the temperature is made up of 0°Kk
galactiec, 1°K earth (side lobe of antenna), S54OK sky, and receiver temperature
between 25° and 50° K. The two 50 gigacyle cases are plotted as one
because of negligible separation.

The background noise is given for average conditions. There will be
times in long life missions when the background noise will be much greater
due to the near accultation of a particularly strong source of discrete
noise by the vehicle. The peak intensities which result will be of short
duration. The effects can be predicted well in advance and the necessary
allowances can be made.

Such refinements as the effects of discrete source spatial

distribution, Faraday rotation, etc. will be considered in the more
complete analysis which will follow.
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3.0 OPTICAL MASER TECHNOLOGY

With the development of optical maser oscillators, it is now possible to
generate coherent radiation of a large number of optical frequencies at con-
siderable power levels. Maser oscillations have been obtained in many dif-
ferent types of materials. The most frequently used have been of the solid
state and gaseous type. Maser oscillations have also been obtained in
glasses, optical fibers, liquids, organic materials and semiconductors.

3.1 SOLID STATE OPTICAL MASERS

Solid state lasers are usually excited by broad-band absorption of optical
frequency radiation. A fast non-radiative transition then populates sharp
fluorescence levels; and when a sufficient population of excited states is
obtained, stimulated emission takes place with the subsequent emission of
coherent narrow beam radiation.

When the terminal level of the radiative transition is the ground state,
the optical maser is called a three-level system. Ruby is an example of a
three-level maser. In four-level masers, the terminal level lies above the
ground state. Almost all solid state lasers are of the four-level type. To
obtain maser oscillation in a three-level system, one must have a slight
inversion of the excited and ground states, and to maintain the inversion, at
least as much power must be supplied to the cavity as is lost by spontaneous
decay of the upper level and the non-radiative transition. The power emitted
by spontaneous decay is proportional to the number of excited states and,
since in a three-level system the number of excited states required for oscil-
lation is more than half the number of dope-ions, it takes a large imput power
to maintain the oscillationm.

In a four level system when the terminal level is far enough above the
ground state, its population will be negligible. It then requires a corres-
pondingly smaller population in the excited state to obtain maser oscillation.
The power lost to spontaneous decay will then be less with the consequence
that the threshold for oscillation can be relatively small. Other factors
such as narrow absorption band, low quantum efficiency and scattering of
radiation also influence the threshold for maser oscillation.

3.2 PULSE OPERATION

The power output of solid state lasers is usually obtained in the form of
pulses. In this type of operation, the laser is usually irradiated for a
short period of time with a broad-band optical source. In the experiments
with ruby performed by Maiman, et al (Reference 1), the excitation light from
a flash lamp is appreciable for times of the order of millisecond. The stimu-
lated emission lasts for some fraction of that time. The emitted pulse of
radiation is not smooth; it consists of spikes or oscillations occuring with
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a frequency that depends on the instantaneous intensity of the flash tube light.
The amplitude of the sgikes 1s somewhat erratic, and the average f:caucncy of the
spikes is about 2 x 10 c/sec and the length of the whole pulse is zbout

0.5 milliseconds. Hence there are about two or three hundred oscillations in

a single pulse. The largest peak power obtained in the experiments was

5 kilowatts with an energy of nearly a joule in the pulse.

Divalent and trivalent rare earths in suitable host materials generally
satisfy the characteristics necessary for maser action. Trivalent Uranium in
several different hosts have also been made to laser. Table I is a partial
sumnary of solicd state materials which have produced maser oscillations. Some
of the characteristics of their operation are shown. The pulsed operation of
the four-level systems is essentially the same as that described for ruby.

The four-level masers tend to be more sensitive to temperature, since to obtain
efficient operation the terminal level often has to be depopulated by cooling.
As in ruby, the output consists of spikes in the main pulse. These oscil-
lations often appear strongly demped in contrast to ruby where no damping has
been observed. In one case (Ca Fp : Dy**) there appears to have been critical
damping of the oscillations as they were not detected (Reference 2). Usually
the frequency of the oscillaticns is fairly constant with some fluctuations of
the amplitude. A pulse that consists of very regular damped oscillations has
been observed (Reference 3) in Ca WOy : Nd**, but because of the narrow
absorption band this laser does not seem suited for high power operation,
Threshcld energy for pulse operation is generally much lower than the 800 joule
threshold in ruby. At low temperatures, threshold energies of the otrder of a
few 3$oules heve becn observed In several different maser systems (see Table I).

The threshold energy is sensitive to changes in temperature. The de-
peridence of threshold for maser action in Ca Fo : 1>+ has been measured by
Boyd, et al (Reference 4). The flash lamp energy required to obtain maser
oscillation was: 20 joules at 209K, 3.78 joules at T7°K, k.35 joules at 909K,
and about 3009K. Temperature dependence of the threshold energy has also been
observed for most of the other materials.

The non-radiative transition results in absorption of energy by the
crystal lattice, and hence in continuous high power operation there will be a
large amount of energy transferred to the crystal lattice. Maintaining
constant temperature under these conditions presents & difficult cooling
problem. Heat transfer from the maser material will probably be of practical
importance in attaining high power repetitive pulsing in solid state materials.

3.3 GIANT PULSE

In normal puleed operption, oscillations begin as soon as a critical
inversion is achieved, that is, as soon as the single pass gain exceeds the
sirgle pzss loss. (scillation may be postponed by making reflection losses
very large and if the ruby is strongly excited a high inversion can be
established. A Kerr cell switching technique has been used to decrease the
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cavity loss suddenly. One then has inversion far above threshold with the
consequence that the energy in the cavity is cumped in a very short high power
pulse. McClung and Hellwarth {Reference 5) have obtained peak output powers
of 600 kilowatts with a pulse duration of 12 usec. More recently, Woodbury
(Reference 6) using a slightly different arrangement has measured peak powers
of 20 megawatts of pulse duration 7 x 10-9 sec.

In principle, one can control the length and power in a single pulse of
this type. The power out would be roughly inversely proportional to the pulse
duration. Of course, there is a limit to the peak power obtainable, which is
set by the maximum enexrgy that can be stored in the ruby and the minimum time
it takes to dump it. This time cannot be less than the time it takes a photon
to traverse the length of the cavity several times.

Ruby is especially well suited to the giant pulse mode of operation
because of the relatively long lifetime of the fluorescence level.

3.4 CONTINUOUS OPERATION

In continuous operation of four-level soiid state materials, the oscil--
lations that are characteristic of the pulsed mode are damped out in times
less than a few milliseconds, or they have not been observed at all because
of inadequate time resolution of the detecting device. This is in contrast.
to ruby where the oscillations persist with a fairly regular frequency and a
large slightly erratic amplitude. The characteristics of the oscillations
are similar to those observed in the pulse mode of operation.

Continuous power output has been obtained with several different maser
materials. The system Ca Fo : U3+ has operated continuously at T7°K (Refer-
ence 4) with output power of 10 uwatts. Threshold for continuous oscillation
is 1200 watts and maser action occurs at a wavelength of 2.613. '

Trivalent Neodymium in host material Ca WOy has lasered continuously at
77°K with 1300 watts flash tube power (Reference 7) and output cof 1 milli-
watt at 1.065 p. The system Ca Fp : Dy*t has also been mage to oscillate
continuously (Reference 2). In the first reported operation, the output was
about 2 milliwatts at 2.45 pu. At 279K the threshold for continuous operation
was 600 watts electrical input to the lamp.

Continuous operation has also been attained in a ruby optical maser
(Reference 8) with the maser oscillation at 0.6943 p. The threshold for
oscillation at 779K was 850 watts supplied to a short arc high-pressure
mercury lamp. At an input power 950 watts, the maser beam produced 4 milli-
watts of power, and as mentioned above consisted of undamped oscillatioms.

It has been reported recently that threshold for continuous operation with
Ca Fo : Dy** has been reduced to 50 watts using a tungsten lamp as the pump
(Reference 9). Using a 1 kilowatt tungsten lamp, continuous power of about
1/2 watt has been obtained. The power is concentrated in a single mode when
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operated at liquid He i©r yvvatore and poco o flicicney with = epcct Lo STy
absovbed by the wmaterial < about . pcrccnt. considerably higher poucrs are
expected with improved ceooling and optiniicd crystal geometry. It is clear
that Ca Fo : Dyt+ is presently one of the most promising materials for high

power continuous output.

Ruby is another material that at least theoretically should be capable of
high continuous power output (Reference 10). The development of a 10 watt
continuous ruby laser has been proposed, and theoretical considerations indi-
cate that this should be possible without any radically new technological
developments. Efficiencies of about 1 percent are anticipated. So far,
relatively little effort has gone into obtaining high efficiency, high continu-
ous power, or high power repetitive pulsing. To our knowledge, efficiencies
reported in the literature are less than 1 percent and are usually less than
0.1 percent. There does not appear to be a basic limitation that would prevent
substantial increases in efficiency in the normal course of the development of
laser technology. Townes (Reference 11) has speculated that efficiencies of
10 or 20 percent are possible,

Related to the prcblem of efficiency is the production of high power, or
more precisely high continuous or quasi-continuous power. As discussed above,
it is presently possible to obtain very high power pulses of short duratiom.
However, the rate at which these pulses may be repeated is presently limited
by the power capabilities of the excitation source and by heating of the ruby
and optical elements in the system.

The attainment of high power repetitive pulses or contimuous power output
depends, among other things, on the development of higher efficiencies,
adequate cooling techniques and improved excitation sources. It seems that
with an effort in this direction continuous power from 1 to 10 watts and
repetitive pulsed output of, say, 10 to 100 watts average power will be
possible in a few years or less.

3.5 SPECTRAL CHARACTERISTICS

Optical maser oscillations have been obtained in the range 0.6943 to
2.613 u (see Table I). The output exhibits spacial and time coherence with
beam angles that are typically about 102 radians. There is presently not
much information in the literature about the line width and frequency stability
of the output of solid state materials with the exception of ruby.

In ruby the spectral width of the light output appears to be set by the
0.5 psec interval between spikes as the measured bandwidth of the emission fram

a single spike is about 2 megacycles per second.

When the spectral distribution of the radiation from a number of spikes
was measured, a bandwidth of 20 megacycles per second was obtained, which
showed that there was no coherence between successive pikes. It has been
obgerved that the ruby oscillates simultaneocusly in a number of axial modes
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(Reference (13). There is evidence of spacial coherence over the end face of
the ruby of the order of 100 wavelengths (Reference 1ll4).

The frequency of the ruby line is temperature dependent which indicates
thermal tuning in possible. Measurements of the temperature dependence of the
frequency of the R} ruby line show that the change of wavelength with tempera-
ture 18 0.065 A/deg (Reference 15). Because the spectral width is of this
order, good temperature control is necessary for frequency stability.

3.6 GASEOUS OPTICAL MASERS

Maser oscillations of frequencies ranging from the visible (0.63 u) to
the middle infrared (12 u) have been obtained in gaseous materials. So far,
maser action has been obtained in 10 different gaseous systems (see Table II).
A considerable amount of theoretical and experimental work has gone into the
study of the He-Ne gas system (Reference 16). The oscillator consists of a
Fabry-Perot interferometer about a meter long, and population inversion is
achieved by exciting helium atoms to & metastable state in an electrical
discharge. The helium atoms transfer the excitation energy to the neon gas
by collisions. Under suitable conditions a stimulated transition of the
excited neon atoms to & lower level takes place to give the maser oscillation.

The output of gaseous lasers is characterized by extremely monochromatic,
narrow beam, continuous radiation. Inherent line widths of 2 cps have been
obtained in a He-Ne system (Reference 17). Frequency stability has been found
to be 2 parts in 109 over 100 second time intervals. It is expected that it
will be possible to obtain a high degree of long term frequency stability in
gaseous lasers.

The power output of most gas lasers has been of the order of milliwatts.
As in the solid materials, relatively little effort has been made to obtain
high power outputs. In the He-Ne system 15 mwatts was obtained in a single
line with an estimated power dissipation of 50 watts. Saturation occurs at
about 75 watts and additional power input does not increase the output power
in the beam. Bennett (Reference 18) suggests that through the use of mode
suppression techniques in long interferometers, through the use of cooling
techniques in multiple tube structures or through the use of power amplifiers
that a sizeable fraction of a watt might eventually be obtained.

Gas lasers, for reasons that are related to their low density, do not
have the potential for high power pulsed operation that exists in solid state
material.

Some reported characteristics of optical masers are given in Table III.
We may not have the most recent capabilities of optical masers. For example,
gas lasers may already be able to produce powers greater than the 10 mwatts
listed in the table.
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TABLE II.

and Beam Power

Summary of Optical Maser Transitions

Gas

Wavelength
(microns)

Continuous Power
(mW per beam)

Reference
(first work)

Helium-neon

Cesium
Neon-oxygen
Argon-oxygen
Helium

Neon

Argon

Krypton

Xenon

0.6328
1.0798
1.0845
1.1143
1.1177
1.1390
1.1409
1.1523
1.1601
1.161k4
1.1767
1.1985
1.2066
1.5231
3.3913

7.1821
0.84462
0.84462
2.0603

1.1523
2.1019

5.40

1.6180
1.6941

1.793
2.0616

1.6900
1.693%6

1.7843
1.8185
1.9211
2.1165
2.1902
2.5234

2.0261
5.5738

4

10
0.025

P e AN

0.5

bt

26

16
16

27

28 ¥R

32
31
33

31
31

31
3)

31
35
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TABLE II (cont).

and Beam Power

Summary of Optical Maser Transitions

Gas

Wavelength
(microns)

Continuous Power
(mW per beam)

Reference
(first work)

Helium-xenon

2.0261
2.3193
2.6269
2.6511
3.1069
3.3667
3.5070
3.6788
23,6849
3.8940
3+9955
5.5738
T3147
9.001‘0
9.7002
12,263
12.913

10

31
33
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Table 1V gives anticipated power performance. These numbers do not seem
to be unrealistic in view of estimates based on existing techmology made by
current workers in the field.

3.7 OTHER MASER MATERIALS

Laser action has been obtained in a semiconductor, in Na+-doped glass
and in liquid and organic materials. These laser materials have been investi-
gated to a much lesser extent tham the solid state and gaseous materials.

The Ga As diode laser (References 19 and 20) is particularly interesting
because it realizes the direct conversion of electrical energy to coherent
radiation. The emission is in the infrared with measured spectral width of
159A. The power out is proportional to the input electrical current when
electrical current is applied in the form of pulses of 5 to 20 pusec duration
with the diode immersed in liquid nitrogen.

Maser action at 1.06 ¢ in Nd3+-doped glass has been obtained using clad
fibers (Reference 21). The cladding results in a reduced number of modes of
oscillation and can provide for high-Q surface wave modes at the optical
interface between the core and the cladding of the drawn glass fiber.
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4.0 OPTICAL DETECTOR TECHNOLOGY

Since the state of optical detector technology was considered to be
more completely understood and less critical for the results of this study,
it was decided to concentrate early on the Statistical Theory of Quantum
Detection in order to resolve as quickly as possible some of the problems in
interpretation of information capacity of optical beams. This section is a
report on the results of that study thus far. It is intended to pursue this
study in the next study phase as well as prepare an up-to-date survey and
analysis of existing optical detectors.

4,1 THE THEORY OF THE TRANSMISSION OF INFORMATION BY OPTICAL MEANS

Even if no components or environments introduce noise in an optical
communications system, such a system will still not be noise-free because
of the nature of light itself. One may assign an information capacity to a
specified optical communication system on the basis of photon fluctuations
of the signal alone. Other sources of noise may further degrade this
cepacity, but it is of prime importance to understand this basic limitation.
An additional photon noise input that is often not completely removable is
the photon fluctuation due to a steady input of ambient light, such as that
from the daytime sky. The theory of the information capacity of a beam of
light under these conditions, subject to the restriction i?at the light is
nondegenerate (incoherent), has been developed by Jones.(

Jones developes the concept of information efficiency I_, given in bits
per photon, and shows that this efficiency may be made as greéat as desired
by increasing the gignificance of the arrival time of the photon or photons
constituting a signal pulse. This is done by increasing the interpulse
period and/or by decreasing the time uncertainty in the pulse arrival. Such
a scheme would decrease the average transmitted power and hence reduce the
information capacity C (bits per second) if one merely modulated the output
cf a continucus transmitter; however, since the giant-pulse laser and the
hair-trigger-mocde laser approximately maintain their average transmitted
power in such circumstances, such modulation is quite practical for laser
communication systems. In other words, the theoretical optimum probability
for pulse transmission per pulse period is not p = 1/e for such systems, but
instead p -0 is better; the optimum value is a matter of practicality.

Jones' analysis included a calculation of the threshold and signal
level needed to optimize I_ in the presence of ambient light for different
values of p. 1In Table I, p is the probability that a "one" was transmitted
during one pulse period (i.e., one pulse duration or gate period) of T
seconds, A is the mean number of ambient photons received within T seconds, B is
the optimum threshold setting in terms of photons per T, and M is the optimum

(1) g.c. Jones, J. Opt. Soc. Am. 52. L493-501 (May 1962)
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mean number of received signal photons per puise, where the optima are
taken to maximize the information efficiency I_, in bits per photon. The
data are valid with two important restrictions, namely that classical
statistics are applicable to the photon count probabilities and that no
other noise sources are present. Although these restrictions are not
rigorously satisfied by the laser communication systems we are working on,
the data given in the table are approximately correct for certain important
types of such systems. However, for systems using lasers having high
spectral purity (very narrow spectral lines) these data will often lead to
overly optimistic predictions.

Table I. Conditions that maximize information
efficiency It'
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Jones has considered the properties of radiat og ?etectors from an
information theory standpoint in two other papers (2) (3), The second of
these gives information efficiencies for the detection of symmetrically
modulatec light signals by several types of detectors. Although these
results are less complete and significant than those given above, the data

(2)
R. C. Jones, J. Opt. Soc. Am. 50, 1166-1170 (Dec. 1960)

(3)
R. C. Jones, J. Opt. Soc. Am. 52, 1193-1200 (November 1962)
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in Table II should be a helpful guide because they indicate the relative
advantages of various detectors. It should be noted that the change p»0O
would generally result in irformation efficiencies greater than those given
in Table II.

Table 1IiI. Information efficiency of various detectors for
symmetric modulation. :

Detector area,
I

:ﬁﬂ;ﬁ:&; Detector Type bitc/;hoton cm 2
koo 1 P21 Phototube 0.1 1.0
510 Human Vision 7.2 x 1070 -
430 Royal-X Film 1.27 x 1070 1074
395 6849 Orthicon 2.0 x 1077 1.0
500 Heat Detector 1.65 x 1078 1.0

In addition to these tabulated data, relations are given that aid one
in determining the effect of various types of detector noise on the informa-

tion efficiency or capacity. Since these relations are not explicit expressions,

each type of system must be analyzed separately. The problem of system optimi-
zation has yet to be fully studied.

In all the preceding analysis, it is to be understood that the light beam
is not degenerate. The means for determining degeneracy will now be developed.

For interplanetary communication the transmitter and receiver will
usually appear to each other as point objects, i.e., the angle subtended by
the aperture of each asz seen by the other will be much less than the
diffraction limit of the observing aperture. Since there will therefore be
no possibility spatially distinguishing the photons of the beam, such a beam
may be said to be spatially degenerate. The degeneracy of the beam is then
determined entirely fng the number of phoZons n received within the coherence
time ¢ of the light. The coherence time 8 of the order of
(2401 1T'1/2, where A\ is the frequency spread of the source in cps; if the
pulse period T satisfies the relation T » >¢.., this 1s the appropriate time,
but as T apprcacles zers the value of & must also approach zero in order that
T > ¢t may be satisfied. This relation expresses the well known result that
modulation causes spectral broadening.

(4)
L. Mandel, Proc. Phys. & -. T4, 233-243 (Sept. 1959)
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The number of degrees of freedom or independent states is given by T/t.

If the average number of photons per pulse period T is represented by fi, the
average number of photons per state (the degeneracy parameter) is given by
fit/T. For nondegenerate light, fit/T = zero, and for fully degenerate light,
fit/T = 7. The theory of Jones is applicable when &t/T<<l.

As an example, let us consider a mgltiple-ginnt-nnlse ruby laser 8
transmitter having a bandwidth of 0.5 A and a gglse duration of 3 x 10
sec. Here OXA = 3.0 x 1010 cps and T = 3 x 1070 gec. We find that fea=
9.4 x 10-12 gec and hence that T/t = 320. Since @it/T = 0.1 for fi = 32, the
beam may be considered nondegenerate for most purposes if n ' 4 32, Since the
photons that are not detected have negligible effect, fi may be considered
to be a photoelectron count; such a signal is more than adequate for opera-
tion with ambient radiation from the daylight sky.

Many laser systems will not be even approximately nondegenerate. More-
over, the dynamics of internally controlled lasers may prove to be complex.
Starti oints fcr a study of noise in such laser systems nrt ghe work of
Mandel and also a paper by Shimoda, Takahasi, and Townes 5). Mandel
gives the probability distribution of photoelectrons for any degreee of
degeneracy of a beam of light with rectang:lar spectral line shape, whereas
the latter paper is concerned with noise in maser smplifiers and may provide
tools for analysis of noise in feedback-controlled pulsed lasers.

In swmary, the study to date indicates that the most efficient system
is probably one using a multiplier phototube; photon noise, including both
signal fluctuation and fluctuation in smbient light is therefore the most
important noise to be considered. The phototube introduces loss (attenuation)
because of its failure to respond to each photon and also introduces
additional noise because of its dark current and the fluctuation in output
pulse energy for each detected photon, although these sources of noise are
probably negligible. Evaluation of the information efficiency or capacity
of sample systems appears to be the next step, although the theory of the
noise properties of an actual laser saotld be investigated first to permit
analysis of all important types of systems. A preliminary calculation
indicates that if T/t is equal to two, in some cases the information
efficiency may be approximately halved. Fully degenerate or internally
controlled lasers have not been studied even spproximately.

on
Shimoda, Takahasi, and Townes, J. Phys. Soc. Japan 12, 686 (1957)

79



5.0 MODULATION AND DE-MODULATION TECHNIQUES

The following section considers the virtues and limitations of
various carrier modulation techniques, the types, applicability and
efficiencies of the methods of source coding, and the limitations imposed
on transmission rates imposed by computer storage on burst modulation
schemes.

5.1 CARRIER MODUILATION TECHNIQUES

As has already been pointed out in the Study Proposal, a fairly large
number of modulation techniques have been proposed. These techniques may
be classified as being either internal or external depending on whether
the laser output is varied within the laser itself or in a separate stage
following the laser oscillation. Before attempting a preliminary evalua-
tion of the various methods it is useful to present some general comments
regarding internal and external modulation.

In internal modulation the effect is enhanced by the Q of the laser
cavity so that primary power requirements are generally smaller. More-
over, there is no loss of laser signal already generated as is inevitable when
the light intensity is varied external to the laser. Thus the overall system
efficiency could be expected to be greater. Most of the present day problems
stem from the relative newness of the laser devices. Thus, for example,
gas lasers must operate with a high Q optical cavity and attempts to
introduce a modulation element into this cavity can easily quench the
oscillations altogether. 1In addition investigators are still searching
for means to improve the frequency and amplitude stability of the laser,
and thus it 1s natural that the various problems be separated and more
emphasis be placed on external modulation techniques. As laser technology
is improved 1t is expected that more and more of the research and develop-
ment will center about internal modulation techniques. Nevertheless, two
distinet disadvantages of internal mcdulation should be recognized. First,
most of the techniques result in a non-linear response of the level of
oscillation with changes on cavity parameters. More seriously, the band-
width is limited by the high Q of the optical cavity. To gain an apprecia-
tion of this problem consider the path of the average photon in a gas laser.
Assuming 99 percent reflection by the output end mirror (and 100 percent
reflection at the other end of the cavity), the average photon makes 100 round
trips within the laser cavizy before being omitted. If this cavity is 1.5
meter long, the photon requires 1 p sec to escape. Thus the modulation
rate must be limited to less than a megacycle. Clearly, for a given
gain per unit length of the laser material, a tradeoff exists between
bandwidth and output power.

The properties generally descriptive of external modulation are just

the reverse of those attributable to internal modulation. Larger bandwidths
and more linear responses are to be expected at the cost cf low efficiency.
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The compariscvn is particularly apt when a particular effect is utilized to
modulate the laser beam either internally or externally. With the above stated
characteristics in mind a preliminary evaluation of these modulation methods
which have been investigated to date can be made.

1) Pump pcwer modulation

On December 27, 1962, a voice message was transmitted over a dis-
tance of 17 miles between the Hughes Baldwin Hills Test Site and the Malibu
Research Labs. The transmitter was a He-Ne gas laser modulated by imposing
a voice amplitude modulation onto the 28 mc transmitter used to pump the
laser. The quality of the voice was quite gocd despite the presence of a
fairly large noise level at the receiver. (The S/N ratio as measured
with a narrow band 1 kc amplifier was 15 db). This experiment demonstrates
the simplicity and utility of this modulation technique at least for voice
communications. The operation can be described by referring to Figure 5.1.
The audio signal is superimposed on the 28 mc signal whose level is set
between the laser threshold level ard its peak output. Clearly, it is
vnidesirable to have 100 percent modulation of the 28 mc signal. Preliminary
data indicate that a drive level of approximately LO watts and a 20 percent
mcodulation leads to acceptable distortion levels. The percent of laser
modulation is of course much higher, but further evaluation is necessary
before firm figures can be stated. It is also not definitely known as yet
what the frequency limitation might be. It is possible that ionization
times may play a part so as to limit the frequency response below that
of the oscillation build up time (~-1 p sec). Improvements on the 28 mc
transmitter circuits and broad banding ‘of the matching network is necessary
before any final evaluation can be made. In any case, weight and power
requirements of the modulation method is small compared to that of the
basic laser.

Pump power modulation in the case of the semiconductor lasers is
expected to allow much wider bandwidths. Ga-As diodes, when emitting in- -
coherently, have already been used to transmit television signals (See Ref. 1).
Since the pumping method is more direct in this case (i.e., population
inversion is achieved by injecting hcles into the N region of a PN junction)
larger percent mocdulation should be possible before incurring appreciable
distortion. Limitations imposed by the junction capacitance would undoubtedly
lead to a tradeoff between power output and bandwidth. Again, the modulation
power requirements should be small compared to the primary laser power
requirements.

The hair-trigger mode (Ref. 2) of modulation clearly falls within
the realm of pump modulation. Unlike the previous schemes which could be
adapted tc either aralog or digital mcdulation, the hair-trigger mode
would be limited strictly to some form of pulse modulation (either PM or
PPM). Again, power requirements should be relatively small.
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2) Pockel Effect Modulators

The most widely investigated modulation technique in the laser
industry is one which uses the Potkel effect. Significant advances have
been recorded within the past year which have resulted in wide bandwidths and
decreased power requivement. Either intensity or phase modulation may be
obtained depending upon whether an analyzer polarization filter is used.

Crystals which may be used on Pockel modulators include various
dihydcgen photphates, 2, Ce (Sphalerite), and CuCl (suprous chloride).
The latter has the highest electro-optical of all known crystals. (Ref. 3)
In addition the crystal has cubic symmetry and therefore exhibits less
light leak than tte dihydogen phosphates. Perhapa the most advanced
modulator reported so far (Ref. 4) is one employing a traveling wave
structure consisting of a parallel plate transmission line in which a
portion of the dilectric is ADP or KDP with the optic axis perpendicular
to the direction of the light beam. The device exhibits a gigacycle band-
width and requires only 12 watts of microwave power for 100 percent modu-
lation. Further developments in this rapidly advancing field should see a
further improvement in Pockel effect modulators allowing external modulation
of either ixtensity or phase to be accomplished within reasonably sized
packages. Primary power requirement of less than 50 watts with an over-
all weight of 20 pounds would seem to be a reasonable objective.

A prouising application of a Pockel or Kerr cell for modulating a_ruby
laser involves their use in regeneration control after smoothing the laser
output with a feed-back circuit. A block diagram of this scheme is presented
in Figure 5.2. The use of the feed-back loop to change the laser output
from a series of pulselets to a smooth pulse has already been demonstrated
(Ref. 5). By modulating the bias on the Kerr Cell it should be possible to
obtain modulation rates well in excess of 10 mc during the pulse duration.

Another approach would dispense with the feed-back loop but would
use the pericdicities of the pulselets themselves as a basis for the modu-
lation. The control of the relaxation time constant either with a Kerr Cell,
or perhaps with small changes in pump level, would then yield a form of pulse
position modulation in which the position of each pulselet relative to the
previous pulselet would convey the information. It is forseen, however,
that this method may be extremely sensitive to heating within the ruby and
further investigation is necessary to determine its feasibility.

3) Other modulation techniques

Mcdulation techniques utilizing mechanisms other than pump power
variation or the Pockel effect are probably less attractive. Either the
power requirement is too high or the frequency response is sharply limited.
A final evaluation will be made at a later date. The effects which have
been utilized include ultrasonic pressure (Ref. 6) and magnetostricture
systems (Ref. 7). Little if any experimental data is available concerning
modulators vtilizing Zeeman or Stark effects, cr employing double resonance
techniques to effect direct mcdulation of the laser level populations.
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5.2 CARRIER DEMODUIATION TECHNIQUES

An overall evaluatien of light detection devices for optical communi-
cations may be made on the basis cf sensitivity, spectral response, and
response time. The various types available include thermal, photo-
multipliers, traveling wave phototubes, PN junctions, and photoconductors.
Thermal detectors exhibit a flat uniform response throughout the optical
and IR spectrum and have fair sensitivity. However, the response time is
greater than 1 milli-gec so that they must be ruled out in most instances.
Photo multipliers and traveling wave phototubes have excellent sensitivity
in the visible region of the spectrum and can be made with a large detector
area. The power drain is small but high vcltage supplies are required. The
frequency response can be extended intc the microwgve region for both the
photo multiplier (Ref. 8) or photodiode, but generally the traveling wave
phototube will be necessary to demodulate very broadband signals (Ref. 9).
At wavelengths longer than 1.2 s, pn-junction devices must be relied upon
as high frequency response is recessary {Ref. 10). Unfortunately, the
detection area is quite small so tha: optical aligmment can become a severe
problem. Photoconductors have a larger surface area but a much slower
response time (¥0.1 ) sec.).

Most of the above mentioned detectors can act only as demodulators
for an intensity modulated signal. Figure 5.3 shows the phototube used
as a demodulator for frequency modulated coherent light (Ref. 11). The
dispersing prism converts the FM to ray-angle modulation and hence position
modulation on the photo-cathode. The resulting modulation of the electron
beam gives rise to the excitation of a “ransverse wave which can be
appropriately ampiified and detzcted.

Although light detectors capable of microwave response exist, they are
still in a state of early development. Furthermore, there is a severe lack
of large surface, fast detectors in the infrared region. A heterodyne system
has been proposed (Ref. 12) which would permit shifting subcarrier modulation
dcown from the microwave range befcre detectiun and thus permit the use of
detectcrs which operate only up to VHF. Figure 5.4 shows a bleck diagram
of the heterodyre demcduiaiion of an intersity mcdulated beam. Many channels
of information couvld be carried on & single light beam if multiplex techniques
were used in conjunction with the heterodyne system.

5.3 CENERAL DATA MODULATION TECHNIQUES

The many modulaticon methods of representing data breakdown into three
essential forms. The first type transforms a scurce signal waveform into
a contirucusly variable modulation parsmeter. A second technique inmvolves
time quantitizaiion with courtinuous mocdulation parameterz. The third type is
characterized by quantizing time and allowing the source signal to take on
only a discrete set of pcssible values.
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DATA MODULAT ION TECHNIQUES

Ivpe I Typre 11 Tyre III
Time Continuous Quantized Quantized
Modulation Parameter
(&mplitude, Frequency,
Phase, Etc.) Continuous Continuous Quantized
Examples FM, AM PAM, PFM PCM

The Type 1I and Type III modulation techniques provide a greater
amount of system flexibility than the Type I techniques since time
multiplexing will allow the simultanecus transmission of data from several
sources. The Type III systems offer the advantage that data is in a form
suitable for automatic data prccessing.

1) Type I Modulation Systems

With Type I Systems the parameters of a sinusoidol carrier wave-
form are varied in accordance with the information being transmitted. Fre-
quency division multiplexing in which frequency separated modulated sub-
carriers are added together to modulate the carrier is possible with Type I
systems. However, its use provides a relatively small number of communica-
tion channels because of the equipment complexity involved in providing
negligible channel crosg-talk and good communication efficiency for
large numbers of channels. Frequency multiplexing also does not provide
the space data link user with equipment which is easily modifiable to
efficiently allow for changes in subcarrier channel bandwidths and number
of signal channels.

2) Type II Modulation Systems

Th Type 11 systems a sample from a signal source is used to modulate
a carrier waveform for the sample period. The carrier parameters for Type II
systems are not limited to the frequency, phase, and amplitude parameters
of Type I systems, but may utilize other variables such as pulse position or
pulse duration. With Type II systems, the carrier waveforms must have the
capability of a high signal-tco-noise ratio at the receiver and the waveforms
must be chosen so that transmitted sample values do not interfere with one
another.

3) Type III Modulation Systems

The only difference between Type II and Type III systems is that
in the latter the modulation parameter is constrained to a discrete set of

87



values rather than being continuous as is the case with Type II systems.
In theory any number of discrete waveforms could be utilized to transmit
information, but the only practical system devised is that in which only two

waveforms are employed. Such systems that utilize binary waveforms are
called pulse code modulation systems.

Digital data transmission is rapidly becoming the standard for space
telemetry. The improved efficiency of power and bandwidth utiliged per
information bit transmitted, the general accuracy, flexibility and

reliability are among the reasons accounting for the wide application of
digital techniques.

88



S5¢4% LASER SYIRCE CCDING

The investigs*! r of the physizal aspects of laser modulation
has showr: that phase ¢r fraquen.y mode.a*ion has rnot developed to such
an extent that it can te prssasilr considered for a ilaser communication
system. However, improveme-nts in laser modulation technelogy should
provide phasa2 and frequency msduiatiom in the near future. For the
present, the designer will bave availabla only techniques of amplitude
and pulse moduiation,

Teble 5.1 illustrates the present possible laser madulation methods.
In the case of laser amplitude mdydula*ion, analcg data can be represented
in standard A M form for carrier modulaticn or in amplitude or angle form
with subcarriers, Digitai data in pulse code modulation form can be used
to amplitude modulate the carrier or subcarrier. In addition, the PCM
data can ke plsced in a frequency shift keying or phase shift keying mode
on the subcarrier,

The pulse modulation methods can be cztegorized irnty three types
for ana’og data-pulse amplitud: modulation, pulse duration mndulation,
and pulse pesition modulazicne For digivsl data in PCM form, the same
three carrier modulation methods are empleoyed.

With the choices of modulation methods given in Table 5.1, the
selection of the "best'" modulation method for a communication system is
esser.tially a selection of the modularion methad that can provide the
highest fidelity of transmission for a given transmission power and rate.
This selzcticn must, of course, be made under the restrictions of the
complexity of the moduiation and demodulation equipment. In order to
evaluate the various modulation systems, the characteristics of the
channel must be specified. If the channel disturbances can be repre-
sented by White Gaussian noise, a comparison of the modulation systems
can be readily made.

The transmisesion of data in digital form offers a substantial
increase irn the transmission fidelity., With a digital data system and
amplitude modulation the choice of modulation is between amplitude,
frequency, and phase modulation using subcarrier techniques. Of the
three possibilities phase shift keying of the subcarrier provides the
minimem prebability of transmission error. For the pulse modulation
methods PPM results in the smallest error probability. For typical
systems the signal-to-noise ratio of a PPM system will te about 10 db
higher than that of a comparable PAM system.
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TABLE 5.1 - PRESENT POSSIBLE LASER MODULATION METHODS

AMPLITUDE MODULATION METHODS

 Data

Carrier
Modulation

‘Subcarrier
Modulation

Analog

AM

AM/AM
FM/AY
PM/ Al

pigital

PCM/AM

227/AM/AM
PCM/FSK/ 22
PCM/PSK/A;

PULSE MODULATION METHODS

Data

Carrier
Modulation

Analog

PAM
PDM
PPM

Digital

PCM/PAM
PCM/PDM
PCM/PPM
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5.5 DATA STORAGE LIMITATIONS ON TECHNIQUES

Many iayman’s (and scientific) articles make claims like "the
entire bible can be transmitted in a fraction of a second on a single
laser burst.” In general such ciaims are false not so much from
deficiencies of lasers, but from the physical limitations of the peri-
pheral equipment of a laser communication system.

If a laser burst system with one millisecond bursts at a one
second repetition rate is postulated for one frame per second TV, each
burst would have to carry 1.25 x 106 bits of information in a fine bit
PCM code. The modulation bandwidth for this amount of data is well
within the limitations of the laser. However, for this system the data
would have to be collected and stored in the transmitter dead time of
nearly one second and then removed from storage and transmitted in one
millisecond. At the receiver the collection and storage time would
again be one millisecond. The storage rate for such an operation of
1.25 x 109 bits/sec. is well beyond the state-of -the-art for storage
media. PFigure 5.5, due to Rajchman (Ref. 13), illustrates the limits
of capacity for feasible storage systems, The example storage require-
ments are indicated by cross.

The question then arises as to what is a feasible limit for the
amount of information carried in a laser pulse that can be stored by a
presently available storage unit. From Figure 5.5 it can be seen that
the maximum storage rate per bit will be 0.8 ps for 107 bits for a
core memory. For a millisec. laser burst the number of information
bits, N, will be

N = ].O”3 sec,
0.8 x 1078 sec./bit

= 1,250 bits

With a 50 nano-second tunnel diode memory the situation is somewhat
improved. In this case N will be

10.5 SeCe.

N =
50 x 107 sec./bit

= 20,000 bits

The information rates that have been computed can be referenced
to the typical data rate requirements given in the Systems and Operations
Analysis Sectiomn.
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